Utilization of Metaheuristic Methods in the Holistic Optimization of Municipal Right of Way Infrastructure Management by Carey, Brad David (Author) et al.
Utilization of Metaheuristic Methods in the Holistic Optimization of Municipal Right of 
Way Infrastructure Management 
Brad Carey 
 
 
 
 
 
A Dissertation Presented in Partial Fulfillment  
of the Requirements for the Degree  
Doctor of Philosophy  
 
 
 
 
 
 
 
 
 
 
Approved April 2012 by the 
Graduate Supervisory Committee:  
 
Jason Lueke, Chair 
Howard Bashford 
Samuel Ariaratnam 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ARIZONA STATE UNIVERSITY  
May 2012  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
©2010 Brad David Carey  
All Rights Reserved
  i 
ABSTRACT  
   
This dissertation presents a portable methodology for holistic planning and 
optimization of right of way infrastructure rehabilitation that was designed to generate 
monetary savings when compared to planning that only considers single infrastructure 
components. Holistic right of way infrastructure planning requires simultaneous 
consideration of the three right of way infrastructure components that are typically owned 
and operated under the same municipal umbrella: roads, sewer, and water.  The 
traditional paradigm for the planning of right way asset management involves operating 
in silos where there is little collaboration amongst different utility departments in the 
planning of maintenance, rehabilitation, and renewal projects. By collaborating across 
utilities during the planning phase, savings can be achieved when collocated 
rehabilitation projects from different right of way infrastructure components are 
synchronized to occur at the same time. These savings are in the form of shared overhead 
and mobilization costs, and roadway projects providing open space for subsurface 
utilities.  Individual component models and a holistic model that utilize evolutionary 
algorithms to optimize five year maintenance, rehabilitation, and renewal plans for the 
road, sewer, and water components were created and compared.  The models were 
designed to be portable so that they could be used with any infrastructure condition 
rating, deterioration modeling, and criticality assessment systems that might already be in 
place with a municipality.  The models attempt to minimize the overall component score, 
which is a function of the criticality and condition of the segments within each network, 
by prescribing asset management activities to different segments within a component 
network while subject to a constraining budget. The individual models were designed to 
represent the traditional decision making paradigm and were compared to the holistic 
model. In testing at three different budget levels, the holistic model outperformed the 
  ii 
individual models in the ability to generate five year plans that optimized prescribed 
maintenance, rehabilitation and renewal for various segments in order to achieve the goal 
of improving the component score. The methodology also achieved the goal of being 
portable, in that it is compatible with any condition rating, deterioration, and criticality 
system.
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Chapter 1 
INTRODUCTION 
1.1 Scope of the Problem 
 Infrastructure systems in the United States are falling below performance levels 
that are considered acceptable. This is particularly true of right of way (ROW) 
infrastructure components. The three components that typically make up ROW 
infrastructure are road, sewer, and water networks.  As the segments within ROW 
networks age, their performance, structural integrity, and reliability typically decline.  
Currently, a significant portion of the nation’s infrastructure has reached, or will soon 
reach, the end of its projected useful life (Environmental Protection Agency, 2008).  
Segments that have been in place for decades are beginning to fail at higher rates and 
suffer from ever decreasing performance; thus, there has been an increase in research that 
investigates methods to improve how infrastructure assets are managed.  Amongst 
engineers and researchers, there is a common view that proactive and preventive repair 
strategies are more effective than the traditional approach of reactive maintenance 
(Fenner, 2000). Waiting for assets to fail comes with additional costs that are not incurred 
when proactive strategies are employed. 
1.1.1 Condition of Infrastructure 
 Due to the fact that different areas within the United States were developed at 
different times, there is a wide range in the age and condition of the systems that are in 
place. Some geographic areas might have high performing systems that were recently 
installed or renewed; but for the most part, the overall condition of the infrastructure is 
below what engineers consider to be acceptable. In the 2009 Report Card for America’s 
Infrastructure, the American Society of Civil Engineers (ASCE) assigned the various 
components that comprise United States’ infrastructure, the grades of which can be seen 
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in Table 1.1. The grades were generated by considering the following fundamental 
infrastructure related characteristics as criteria: capacity, condition, funding, future need, 
operation and maintenance, public safety, and resilience. Grades for each category were 
assigned by a panel of experts based on data and surveys (American Society of Civil 
Engineers, 2009) 
Table 1.1 
Grades from the Report Card for America’s Infrastructure (American Society of Civil 
Engineers, 2009). 
 
1.1.2 Impacts of ROW Infrastructure in Poor Condition 
In order to maintain the economy and current quality of life standards, it is 
necessary that the roadway system in the United States provide a safe, reliable, and 
efficient driving environment (American Society of Civil Engineers, 2009).  The grade of 
D- in Table 1.1 assigned to roads indicates that a safe, reliable, and efficient driving 
environment is not being achieved and that the economy and current quality of life 
standards are in jeopardy.  In 2009, 30,797 people were killed in motor vehicle crashes 
and 1,517,000 were injured (National Highway Safety Transportation Administration, 
Infrastructure Component Grade
Aviation D
Bridges C
Dams D
Drinking Water D-
Energy D+
Hazardous Waste D
Inland Waterways D-
Levees D-
Public Parks and Recreation C-
Rail C-
Roads D-
Schools D
Solid Waste C+
Transit D
Wastewater D-
  3 
2009).  Economic costs associated with motor vehicle crashes in the United States are 
estimated to be around $230 billion per year (National Highway Safety Transportation 
Administration, 2009). Aside from contributing to crashes, the thirty-two percent of 
America’s major roads that are in poor or mediocre condition lead to negative economic 
and environmental impacts. Driving on roads in need of repair costs U.S. motorists $67 
billion a year in extra vehicle repairs and operating costs, while congestion on roadways 
causes Americans to spend a combined 4.2 billion hours a year stuck in traffic at a cost of 
$78.2 billion a year in wasted time and fuel costs (TRIP, 2008).  
As far as sewer systems are concerned, the grade of D- in Table 1.1 for 
wastewater systems indicates that many in-use systems have reached the end of their 
useful design lives. Older systems are plagued by chronic overflows during major 
rainstorms and heavy snowmelt and are bringing about the discharge of raw sewage into 
U.S. surface waters (ASCE, 2009). The EPA estimated in August 2004 that the volume of 
combined sewer overflows discharged nationwide is 850 billion gallons per year. 
Sanitary sewer overflows, caused by blocked or broken pipes, result in the yearly release 
of as much as 10 billion gallons of raw sewage (Environmental Protection Agency, 
2004). Sewage discharges are a source of pathogens in the drinking water supply 
(Reynolds et al., 2008). 
Like sewers and roads, the condition of the infrastructure that provides the nation 
with clean water received a grade of D- from the ASCE. For drinking water systems, 
replacing aging facilities that are near the end of their useful life is necessary in order to 
comply with existing and future federal water regulations. Maintenance and repairs are 
also necessary in order to ensure resilient systems that produce reliable delivery of water.  
As recently as 2010, only 91 percent of the population in the United States was being 
served by water systems that provided water which met federal drinking water standards 
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(Environmental Protection Agency, 2010).  Additionally, disruptions in service can 
hinder disaster response and recovery efforts, expose the public to water-borne 
contaminants, and cause damage to roadways, structures, and other infrastructure, 
endangering lives and resulting in billions of dollars in losses (American Society of Civil 
Engineers, 2009).  Research by Morris and Levin (1995) estimates 7 million people 
become ill and more than 1,000 die each year as a result of waterborne microbial 
infections, which also carries a financial burden in the form of medical costs and missed 
wages. Documented waterborne disease outbreaks are primarily the result of water 
infrastructure failures (Craun et al. 2006). 
1.1.3 Lack of Available Funding and Planned Investment 
In 2009, the ASCE (2009) identified a five-year investment need of $2.2 trillion 
from all levels of government and the private sector in order to bring the nation’s 
infrastructure up to standard.  However, the available funds for investment in the nation’s 
infrastructure fall far below the $2.2 trillion identified by the ASCE.  When all the 
different infrastructure components have grades as poor as the grades identified in Table 
1.1 and there is a shortfall of funding available, a situation is created where there are 
competing yet deserving needs being played against one another in order to obtain 
funding. Thus, researchers need to develop methods to maximize the results of each 
dollar spent on our infrastructure. 
 Projections made by the ASCE (2009) showed that ROW assets were facing a 
substantial shortfall in funding during the subsequent five year period.  Road systems 
were identified as facing a $549.5 billion shortfall in planned spending that was deemed 
necessary to maintain satisfactory performance levels, while water and sewer systems 
were identified as facing a combined $108.6 billion shortfall. A particular area facing a 
shortfall of planned spending is the nearly 53,000 community water systems that serve 
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3,300 or fewer people. These smaller systems face huge financial, technological, and 
managerial challenges in meeting a growing number of federal drinking-water regulations 
(ASCE, 2009). 
In a recent study titled The Metropolitan Infrastructure Sustainability Study, 
which was conducted on behalf of the United States Conference of Mayors, infrastructure 
funding emerged as the number one issue facing cities today. When asked to identify 
their most serious infrastructure challenge, 59 percent of the responding mayors said 
obtaining infrastructure funding was a key challenge (The United States Conference of 
Mayors, 2009). In the same study, 42 percent of the mayors said funding gaps were 
creating challenges for maintaining or improving aging infrastructure. An additional 
finding was that cities are more likely to identify funding for maintenance, or retro-fitting 
of existing infrastructure, rather than funding for new infrastructure as a critical challenge 
(The United States Conference of Mayors, 2009).  
1.1.4 Summary of Problem 
With the poor condition of ROW infrastructure and a lack of funds to correct the 
problems, municipalities are being forced to operate networks that do not meet their 
needs.  Adverse effects from failing ROW infrastructure networks include negative 
financial consequences, reduced safety on the roadways, reduced water quality, 
environmental contamination arising from sewage spills, and increased vehicle emissions 
caused by congested roads, increased commute times, and reduced reliability of water 
delivery. Additionally, a failing segment from one ROW component can cause failures in 
collocated segments. Examples of this include waterline breaks causing damage to 
roadways and sewage spills contaminating water supplies (American Society of Civil 
Engineers, 2009) 
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1.2 Objectives 
 The goal of this research is to develop a holistic decision making methodology 
that optimizes the planning of maintenance, rehabilitation, and renewal for right of way 
infrastructure. The specific objectives are as follows: 
 Establish that when utilizing metaheuristic methods, a holistic model can 
overcome a larger search space that is plagued by a greater chance of 
encountering infeasible solutions in order to provide superior 
maintenance, rehabilitation, and renewal plans when compared to 
individual component planning. 
o Superior plans will be achieved by taking advantage of cost 
savings that occur when synchronizing rehabilitation and renewal 
projects for collocated segments from different components. 
 Develop a methodology that is portable and can be applied to any ROW 
infrastructure system without requiring a large consumption of resources 
(man hours, money, and technology). 
o Establish a condition rating scheme and scale that allows for easy 
conversion from already in place condition rating systems.  
o Allow users to apply custom deterioration models for yearly 
projections of segment conditions. 
o Establish a criticality rating scheme and scale that allows for easy 
conversion from already in place condition rating systems.  
1.3 Organization of Dissertation 
 The organization of this dissertation is as follows.  Chapter 1 introduces the 
fallout associated with failing right of way infrastructure systems, establishes the current 
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condition of right of way systems within the United States, identifies the funding 
shortfall, and states the objectives of this research. Chapter 2 examines literature related 
to current right of way infrastructure maintenance, rehabilitation and renewal practices, 
and decision-making methodologies.  An overview of the body of knowledge related to 
single component decision-making methodologies for road, sewer, and water networks is 
also included. Finally, Chapter 2 reviews literature related to decision-making 
methodologies that take a holistic approach and include all three right of way assets in the 
decision-making process. Chapter 3 presents the methodology that was developed in 
order to optimize the maintenance, rehabilitation, and renewal of right of way 
infrastructure. The formulation of an objective function is also described. Chapter 4 
presents the techniques that will be used to test the methodology and validate the 
findings. Chapter 5 presents the results from the testing and validation. Lastly, Chapter 6 
summarizes the content and results of this research, provides conclusions and a 
discussion of the limitations of the research, and makes suggestions for future research.  
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Chapter 2 
LITERATURE REVIEW 
 Pursuing a strategic rehabilitation decision-making model that concurrently 
optimizes the maintenance, rehabilitation and renewal budgets for water, sewer and roads 
requires an understanding of the current knowledge base and practices related to the 
management of each separate infrastructure system. Additionally, it is important to 
understand the decision-making process that is currently employed by the departments 
within municipalities that are responsible for each of the previously mentioned 
infrastructure systems. Within this chapter, an examination of the constraints these 
departments face in their decision making will reveal why current decision-making 
practices do not involve the consideration of other spatially interdependent networks.    
This study is particularly concerned with holistic Right of Way (ROW) 
Infrastructure Rehabilitation Models. The Merriam-Webster dictionary defines holistic 
as: “relating to or concerned with wholes or with complete systems rather than with the 
analysis of, treatment of, or dissection into parts” (Merriam-Webster, 2011).   For the 
purpose of this study, holistic models will refer to rehabilitation decision-making models 
that take into account a municipality’s ROW infrastructure as a whole.  When compared 
to the amount of available literature that pertains to rehabilitation planning of one 
singular system (i.e. water, sewer, or roads), there is very little published research that 
has examined ROW infrastructure rehabilitation from a holistic perspective. Additionally, 
most of the literature relating to the rehabilitation of singular infrastructure systems 
focuses on network performance or design optimization as opposed to rehabilitation and 
renewal budget optimization.  
 In this literature review, current practices utilized by municipalities in decision-
making for maintenance and capital improvement of their ROW infrastructure are 
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identified. Next, the chapter will examine the use of prioritization methodologies, 
traditional optimization models, and the use of evolutionary algorithms as optimization 
methods in civil infrastructure decision-making. Two common types of evolutionary 
algorithm that will appear frequently in the review are: (1) Genetic Algorithms (GA) and 
(2) Multi-Objective Algorithms (MOGA).  From there, the chapter provides a review of 
the research literature that is available in the following areas: water rehabilitation 
prioritization, sewer rehabilitation prioritization, road rehabilitation prioritization, and 
holistic rehabilitation prioritization models. It is important to understand the current state 
of the art information related to rehabilitation decision-making models for water, sewer, 
and roads when creating a strategic holistic rehabilitation model because it identifies that 
there is no standardization of practices or data. Reviewing the available literature 
pertaining to holistic rehabilitation ensures that previous efforts are not being repeated 
and that the current knowledge base is enhanced.  
2.2 Current ROW Infrastructure Planning Practices 
2.2.1 Funding and Budget Establishment 
There are two common ways in which municipal infrastructure is funded: 1) 
usage related fees and 2) bonding and taxes (Davis, 2008).  Most of the money allocated 
by municipalities for the maintenance and rehabilitation of civil infrastructure comes 
from tax revenues. Funding is a critical component of infrastructure management and, 
according to the American Society of Civil Engineers, ROW infrastructure in the United 
States is facing a five year investment shortfall of $658 billion (ASCE, 2009). The level 
of funding for a particular municipality will affect the way in which that municipality will 
allocate funds when creating budgets.   
During the budget process, municipalities create and approve a budget for public 
works and the operation departments within their jurisdiction. This process typically 
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begins with policy planning and resource analysis, which includes revenue estimation.  In 
the policy planning stages, departments identify goals and attempt to create a policy that 
will allow them to achieve those goals. After revenues have been estimated, negotiating 
on behalf of departmental interests is conducted and the overall budget is formed.  
Departments then revise policies in an attempt to achieve the pre-established goals, while 
operating within the constraints of their budget (Smith and Lynch, 2004).    
2.1.2 Traditional Policy and Decision-Making for ROW Assets 
At the network level, planning and decision-making related to maintenance, 
rehabilitation, and renewal is inherently an integrated process that requires the 
assimilation of a multitude of condition, risk, cost and optimization models (Halfawy et 
al. 2008).   Managers of municipal infrastructure assets must make difficult technical 
decisions regarding when and how to maintain, repair, or renew their assets, while 
operating within budgets. These managers do not have an easy task; they must allocate 
funds among competing yet deserving needs (Varnier and Danylo, 1998). In municipal 
infrastructure management, network-level decisions are made first and followed by 
project level decisions. At the network level, this includes long-term network 
performance prediction and preservation programming. For project level decisions, this 
includes life-cycle cost analysis and design of individual projects. Network level 
decisions develop budgets and allocate resources over the entire network.  This is 
followed by project selection to identify which projects should be carried out in each year 
of the programming period (Haas et al. 1994; Wu et al., 2009).  
Due to the complicated nature of the decision-making process, departments that 
are responsible for specific infrastructure networks have evolved to operate in silos. 
Technical experts that manage these mini-silos have deep expertise and a narrow span of 
authority (Modemeyer, 2011).  Narrow expertise and specialization in one area has 
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become necessary in the current infrastructure maintenance and renewal decision-making 
paradigm because of the vast amount of variables that need to be considered when 
making decisions for a single network.  Thus, when projects are conceived, it is almost 
always within the context of a particular line of business and disincentives discourage a 
broader scope: departments do not control other departments’ budgets and collaboration 
can complicate project management and timelines (Antonoff et al. 2009). A consequence 
of this is that transportation projects miss opportunities to provide access to utilities and 
utility projects move on their own timeline without coordination across 
utilities.  Therefore, opportunities for city-wide benefits are not realized because 
departmental priorities supplant broader priorities (Antonoff et al. 2009).  
An additional problem with the current method by which municipalities manage 
their infrastructure is the lack of software interoperability, standard definitions, standard 
reports, standard codes, standard data storage, and standard information presentation 
practices (Whittle et al. 2011). The lack of standardization causes difficulties for 
departments when they attempt to share information and compare needs across different 
networks. Therefore, even when departments attempt to break out of their silos and 
proactively seek to engage other departments in sustainable planning, there are severe 
and restrictive obstacles that serve as a disincentive to collaborate across departments. 
Whittle et al. (2011) establish that the lack of standardization prevents proper scientific 
decision making for underground networks: 
 
Currently, few standards exist for condition assessment data collection 
with buried pipes...  With the development and adoption of such standards to 
ensure data integrity, data collected by various operators, working for various 
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companies, using various types of equipment and software, at different times, and 
even across multiple utilities, can be scientifically analyzed together. 
 
Due to the lack of data standardization, it is difficult to assess the contributions of 
prioritization models that are designed to optimize maintenance and renewal decision 
making for a single infrastructure network. It is impossible to accurately compare 
optimization models against one another when different data sets and condition 
assessments metrics are used.  The lack of condition assessment data standards across 
single networks makes it even harder to create a model that attempts to optimize three 
networks simultaneously. In order to optimize the maintenance and renewal of the three 
ROW networks simultaneously, a standard scale for condition ratings must be used for all 
three networks in order to simplify the weighting of the decision variables.   
 As you will see in the following sections of this chapter, there is currently no 
consensus as to what metrics to use amongst researchers attempting to improve the 
decision-making process for water networks, sewer networks, and road networks.  There 
is an excessive amount of research on the decision-making process for maintenance and 
renewal of each of the ROW infrastructure components individually, yet there is very 
little research examining simultaneous optimization of the three networks. 
2.2 Evolutionary Algorithms in Civil Infrastructure Decision-Making Applications 
 As evidenced in the following sections of this literature review, evolutionary 
algorithms are commonly used in decision-making models.  Evolutionary algorithms 
describe a procedure loosely based on Darwinian notions of survival of the fittest where 
selection and recombination operators are used amongst candidate solutions to look for 
high performing solutions (Goldberg, 1989). Evolutionary algorithms are used to search 
for viable solutions, evaluate these solutions and continue the search guided by the results 
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of that evaluation (Caldas and Norford, 2002). Figure 2.1 provides a map of the 
evolutionary algorithm search process. Genetic algorithms have proved to be the most 
popular of all evolutionary algorithms and have been widely used in solving tradeoff and 
decision-making problems in civil engineering applications (Jones, 1999; Zheng 2004).   
 
 
Figure 2.1. Evolutionary algorithm flow chart. 
There are several advantages to using evolutionary algorithms over traditional 
nonlinear programing and gradient search methods. One advantage is that evolutionary 
algorithms do not require objective functions to be differentiable, making them user 
friendly (Sharif and Wardlaw, 2000). Evolutionary algorithms work with a coding 
parameter string that can search among a population of points rather than a single point, 
use the objective function information rather than derivatives or other auxiliary 
knowledge, use probabilistic transition rules rather than deterministic rules, and surpass 
traditional methods  in the quest for robustness. Therefore, they are used to successfully 
solve or determine near optimal solutions for discontinuous, non-differentiable, non-
convex, and multiple peak function optimization problems (Lee et al. 2009). 
Generate Initial 
Solutions
Calculate the Fitness of 
Solutions
Termination 
Criteria Satisfied
Yes
Stop
Start
Generation of new solutions using 
crossover and mutation operators
Replace current population with the 
new population
No
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Additionally, evolutionary methods are very effective at searching global solutions and 
providing multiple solutions (Yang, 2010). 
2.3 Water Rehabilitation Prioritization 
Research investigations into the prioritization of water pipe renewal and 
rehabilitation vary widely in their approach. Literature review has identified water system 
rehabilitation decision models that attempt to represent at least one or a combination of 
the following: condition, hydraulics, economics, water quality, and reliability. Engelhardt 
et al. (2000) identified the following types of rehabilitation models: general rehabilitation 
guides, component rehabilitation prioritization models, system-wide rehabilitation 
prioritization models, and optimization models. 
2.3.1 General Rehabilitation Guides 
The first proactive rehabilitation strategies that were developed did not attempt to 
prioritize.  Instead, the models utilized pipe specific information in order to determine 
whether or not an individual pipe should be rehabilitated or replaced. Mains were 
considered in isolation as opposed to being considered as a network. Often times only a 
single performance measure or condition factor was considered in these models. 
Examples of general rehabilitation guides can be seen in Table 2.1. 
2.3.2 Prioritization Models 
Prioritization models build upon the models identified as general rehabilitation 
guides. These models are similar to general rehabilitation models in that they consider 
each main in isolation. The difference is that in a prioritization model there is an attempt 
to order the mains for rehabilitation. Component rehabilitation prioritization models 
prioritize components based on those that are in the most need of rehabilitation, whereas 
system-wide rehabilitation prioritization models prioritize components for rehabilitation 
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based on the affect that a component has on system-wide performance. Examples of both 
component and system-wide prioritization models can be seen in Table 2.1. 
2.3.3 Optimization Models 
Optimization techniques model the system as a whole as opposed to isolating 
components. By using optimization techniques cost and performance can both be 
considered in a decision-making model. Tradeoffs between performance and costs can be 
identified and prioritized in order to find the optimal solution for a given set of 
conditions. Previous approaches have examined the maximization of system availability 
given a specific budget, the minimization of cost while maintaining a given level of 
performance, and the optimization of the rehabilitation schedule. Examples of early 
optimization research for water rehabilitation can be seen in Table 2.2. 
2.3.4 Evolutionary Algorithm Optimization for Water Rehabilitation 
Dandy and Engelhardt (2001) used a GA in order to successfully identify which 
pipes to replace for a single time step, multiple time steps (20 years divided into 5 year 
planning periods), and multiple time steps while allowing for pipe diameter to be a 
decision variable. The GA developed by Dandy and Engelhardt (2001) minimized costs 
while conforming to hydraulic performance requirements. Advancing their previous 
work, Dandy and Engelhardt (2006) demonstrated the use of a multi-objective genetic 
algorithm to develop trade-off curves between economic cost and reliability for the 
planning of replacement schedules for water supply pipes. Economic cost was expressed 
in terms of the present value of replacement costs plus the expected repair and damage 
costs associated with pipe breaks.  Reliability was measured as the expected number of 
customer interruptions per year.   
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Cheung et al. (2003) used two separate MOGAs in the minimization of 
rehabilitation costs and pressure deficit.  Mailhot et al. (2003) presented a model in which 
the optimal replacement criterion is defined on a pipe-to-pipe basis based on a cost 
function using conditional probabilities to estimate the expected future costs. Minimizing 
the cost function led to the identification of a critical pipe break order at which 
replacement should be made.  
Alvisi and Franchini (2006) presented a model that minimized the overall costs 
of repairing and/or replacing pipes and minimized the volume of the unserved water 
demand over a fixed time horizon.  The constraints were represented by the maximum 
allowable yearly costs. Alvisi and Franchini (2010) continued their research, describing a 
MOGA based procedure for optimal medium-short-term scheduling of leakage detection 
and pipe replacement interventions in a water distribution system. The MOGA minimized 
expected lost water volumes and expected value of break repair costs.  
Giustolisi et al. (2006) used an evolutionary polynomial regression technique to 
predict pipe bursts in combination with a MOGA that evaluated benefits of burst 
reduction achieved by mains rehabilitation. The procedure identifies different subsets of 
pipes scheduled for rehabilitation, ranging from no-replacement to the complete 
replacement scheme, trading the cost of rehabilitation against achieved benefits. 
Giustolisi and Berardi (2010) improved upon Guistolisi et al. (2006) by reformulating the 
objective functions that represent the risk of pipe breaks into monetary terms as the 
product between the number of bursts expected and the cost associated to future breaks.  
Nafi et al. (2008) used a genetic algorithm to create a model that proposes 
acceptable renewal policies to be implemented on a given time step to meet set economic 
and technical objectives while respecting technical specification and considering 
hydraulic and structural criteria for pipe renewal selection. The model proposes a set of 
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feasible renewal policies as opposed to one unique policy, which offers flexibility for 
water utility managers. 
Dridi et al. (2008) used Bayesian (see Gelman et al. 1995 for description of 
Bayesian analysis) estimates of the parameters for a pipe break model that was used to 
identify pipeline structural quality. From there, a MOGA, which made use of pipeline 
structural quality and hydraulic performance as performance indicators, was used to 
minimize total costs associated with pipe replacement and maintenance and to minimize 
network pressure deficit.  
Haddad et al. (2008) utilized a honey-bee mating optimization algorithm in order 
to extract an optimal rehabilitation strategy for water distribution systems.  The authors 
used the honey-bee mating algorithm for is its ability to identify an optimal economic 
rehabilitation strategy in a combinatorial solution space considering the deterioration of 
both structural integrity and hydraulic capacity of an entire network. The problem was 
considered as the present value of an infinite stream of costs for 30 and 100 operational 
years. 
2.3.5 Water Prioritization Considering other Infrastructure 
Nafi and Kleiner (2010) proposed a novel approach to water main renewal and 
rehabilitation that considered economies of scale and harmonization with other known 
ROW infrastructure works.  A MOGA was used to optimize the scheduling of individual 
water mains for replacement in a short to medium predefined planning period. Nafi and 
Kleiner (2010) examined three types of economies of scale and infrastructure adjacency, 
namely: quantity discount, contiguity discount savings on mobilization costs, and 
harmonization of pipe replacement with known scheduled roadwork. Binary variables are 
used to identify whether or not roadwork is scheduled for an overlaying road for a given 
year, thus considering the road repaving schedule as a fixed constraint. The approach 
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presented was limited to the consideration of pipe breakage frequency and the economics 
of their replacement.  This approach failed to encompass other factors, such as hydraulic 
performance, network reliability, and even water quality issues, due to the substantial 
challenges associated with dimensionality of the solution space.  The work by Nafi and 
Kleiner (2010) indicates that considering the schedule of pipe works and roadwork 
simultaneously rather than using roadwork as a given constraint could achieve an even 
higher cost effectiveness. 
2.4 Sewer Rehabilitation Prioritization 
Similar to water rehabilitation prioritization, many different approaches have 
been taken in the research of rehabilitation decision support models for sewers. A review 
of the current literature has revealed that similar indicators are often utilized in both 
sewer and water rehabilitation prioritization. These indicators include customer 
satisfaction, economic considerations, performance, structural integrity, social 
disruptions, and environmental concerns.  Sewer rehabilitation prioritization research has 
been conducted on sanitary sewer systems, storm sewer systems, and combined sewer 
systems. Much of the optimization literature related to sewer systems is interconnected to 
design and expansion of systems, thus it is outside the scope of this research and will not 
be reviewed.  
Most decision-making models for the rehabilitation of sewers can be placed into 
one of the following categories: selective rehabilitation models, non-strategic models, 
probabilistic models, multi criteria decision-making models, and optimization models. 
The major difference between water rehabilitation models and sewer rehabilitation 
models is that water rehabilitation models often rely on modeling in order to gauge 
condition. The nature of a sewer system makes it more conducive to actual inspection. 
Technologies such as Closed Circuit Television (CCTV) cameras are often utilized in the 
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identification of sewer conditions because they can be economically employed without 
interrupting service. 
2.4.1 Selective Rehabilitation Models 
Fenner (2000) identified that selective rehabilitation models are based upon the 
premise that a small percentage of pipes account for a majority of the costs associated 
with operating a sewer system. The small percentage of pipes making up a majority of 
costs are typically the large diameter mains that collect and transport flows from smaller 
lines.  Selective rehabilitation models direct inspection and rehabilitation to those 
sections, which make up a majority of the costs associated with operation. For examples 
of selective rehabilitation models see Table 2.3.  
2.4.2 Non-Strategic Models 
Fenner (2000) stated that problems such as blockage, odor, and collapse will 
continue to occur in sewer systems that are rehabilitated using selective rehabilitation 
models.  This is due to the fact that selective rehabilitation models fail to take into 
account non-strategic sewers. Non-strategic sewers are smaller diameter lines often laid 
at slack gradients where service ability problems tend to have a disproportionately greater 
effect on their performance than on larger core area sewers. If ignored by a rehabilitation 
or maintenance decision-making model, non-strategic sewers have the potential to incur 
significant economic, social, and environmental costs. Models designed to consider non-
strategic models can be seen in Table 2.3. 
2.4.3 Probabilistic Models 
Many models in the other categories incorporate some sort of prediction 
mechanism to predict sewer failures.  The models classified as probabilistic models 
employ sophisticated prediction methodologies that were designed with the intent of 
helping planners determine the status of a sewer line. Prediction models can include 
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models that predict the risk associated with failures as well as models that predict future 
performance.  
The scope of this dissertation is not to advance probabilistic models, rather it is to 
optimize the decision-making process for existing ROW infrastructure rehabilitation and 
renewal. In order to optimize the rehabilitation and renewal of ROW infrastructure, the 
condition and criticality of each segment within a network should be known. Examples of 
probabilistic methodologies that aim to identify a sewer systems status can be seen in 
Table 2.4. 
2.4.4 Multi-Criteria Decision-Making Models 
 Multi-Criteria Decision Making (MCDM) can offer viable framework for 
investigating alternatives in a situation where prioritization is not straightforward (Ana et 
al., 2009).  A common process used in MCDM models is the Analytical Hierarchy 
Process (AHP). Hirai et al. (1999) and Yang et al. (2005) used AHP to establish 
prioritization for the reconstruction and rehabilitation of sewers. Other MCDM 
approaches include Saegrov (2006), who introduced CARE-S SRP, a software package 
that uses an interactive elimination procedure to prioritize sewer rehabilitation projects. 
Ana et al. (2009) introduced the MCDM tool ORESTE, which was used in Belgium. 
ORESTE ranks criteria for rehabilitation and replacement alternatives in order to 
prioritize rehabilitation.  
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2.4.5 Optimization Models for Sewer Rehabilitation 
Just as with strategic rehabilitation models designed for water systems, sewer 
rehabilitation models eventually evolved to where they currently utilize optimization 
techniques. The evolution to optimization models occurred due to the fact that 
optimization models allow for tradeoffs between alternatives. One such effort was 
outlined by Burgess (1994), who used Markov chain theory to evaluate potential 
rehabilitation strategies. After modeling the structural conditions of sewers, Burgess 
(1994) used a heuristic function to minimize the total cost at different time steps. The 
costs considered in the function included rehabilitation costs, water quality degradation, 
damages from collapse, treatment of clear water entering from infiltration, and 
operational costs.  
Mohanathansan and McDermott (1998) reported on the Sydney Water 
Corporation methodology.  The methodology sought out the optimal least cost solution 
from a range of rehabilitation options designed to reduce unacceptable high sewage 
overflow discharges.  
Abraham et al. (1998) reported on an optimization strategy that used dynamic 
programming in order to minimize life-cycle costs associated with maintenance and 
rehabilitation. The model aimed to maximize the benefit-cost ratio by selecting certain 
rehabilitation treatments. However, the model did not operate under fixed monetary 
constraints. 
 Ariaratnam and MacLeod (2002) utilized linear programming in the creation of 
the computerized financial outlay model called Proactive Rehabilitative Infrastructure 
Sewer Management (PRISM).  The objective of the model is to minimize capital 
expenditures over a given planning horizon while utilizing the full annual budget for each 
year in the horizon and allocating rehabilitation investment to the important areas 
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(Ariaratnam and MaCleod, 2002). The model was designed for use by the city of 
Edmonton, Canada and made use of CCTV inspection reports and historical rehabilitation 
cost data that was maintained by the city.   
Wright et al. (2006) created a screening and prioritization tool for providing cost 
estimates for sewer rehabilitation and replacement activities. In doing so, Wright et al. 
(2006) examined and identified advantages to both logistic regression and metaheuristic 
optimization approaches. It was discovered that logistic regression had advantages in 
determining the probability of a pipe’s failure and that the optimization model did not 
suffer from as many restrictions.  
A decision support system that identified and selected the most suitable renewal 
technologies was presented by Halfawy et al. (2008). A genetic algorithm-based 
multiobjective optimization technique was used to determine feasible solutions 
comprised of a set of sewers to be renewed each year, along with the associated costs and 
benefits. The proposed algorithm incorporated three key objectives: minimization of the 
average condition measure of the network, minimization of the average risk measure of 
the network, and minimization of total life-cycle cost. 
Lee et al. (2009) utilized a genetic algorithm to minimize inflow and infiltration 
of sewer systems through rehabilitation.  The authors created both a Rehabilitation 
Weighting Model (RWM) and a Rehabilitation Priority Model (RPM).  The RWM 
utilized the Analytical Hierarchy Process in the weighting of defects.  The results of the 
RWM are utilized in the RPM which determines optimal replacement priority by using a 
genetic algorithm to maximize rehabilitation benefits by minimizing inflow and 
infiltration. 
Yang et al. (2010) present a systematic sewerage rehabilitation planning 
methodology consisting of sewer inspection, diagnosis of pipe defects, grading of 
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sewerage structural conditions, and determination of cost-effectiveness rehabilitation 
methods and substitution pipe materials. The authors used a genetic algorithm to develop 
an optimal Pareto curve in which the tradeoffs were rehabilitation costs versus service 
life. 
2.5 Road Rehabilitation Prioritization 
 Due to the similar nature of road networks when compared to sewer and water 
networks, decision-making models for road rehabilitation prioritization have followed the 
trends of their counterparts in sewer and water. Much of the research in this field focuses 
on the development of pavement management systems (PMS).  These systems are often 
specialized and designed for a specific climate. As with pipes for underground utilities, 
pavement deteriorates at different rates based upon differences in variables such as 
weather, use, and material. Thus, many different PMS research efforts have been directed 
towards investigating and identifying the conditions of pavement or towards maximizing 
performance without consideration for budget. Because the purpose of this dissertation is 
not to create a condition assessment system for pavements, intricate location or climate 
specific probabilistic models related to pavement conditions will not be examined. 
Additionally, there is much literature regarding the quantification of the benefits of PMS 
that falls outside the scope of this dissertation.  Finally, much of the research into the 
prioritization of pavement rehabilitation projects is concerned with highway networks as 
opposed to urban networks, which typically makes it irrelevant to the research presented 
here. The irrelevancy of highway models is due to the different nature of the systems; 
highway systems and urban networks operate under different constraints and different 
usage profiles. 
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2.5.1 Optimization Models 
Several notable research investigations have made use of linear programing or 
gradient search methods to optimize roadway maintenance and rehabilitation planning.  
Examples of these models can be seen in table 2.5. As with water and sewer networks, 
MCDM models are commonly used in the prioritization of roadway maintenance and 
rehabilitation. Chandron et al. (2007) created a MCDM that relied on fuzzy logic to 
minimize the subjectivity involved with condition assessments conducted by humans. 
This was done to eliminate any bias in the prioritization and to simplify data collection 
related to distress.  Abaza and Murad (2010) reported on a pavement rehabilitation 
project ranking approach that utilized probabilistic long-term performance indicators. A 
Markovian model was used to predict pavement conditions at the network level.  
Prioritization was based on the time required for a project to reach a terminal distress 
rating. Pavement rehabilitation project candidates were then scheduled according to their 
priority rankings and available budget. Constrained binary integer programming was used 
to develop the optimal selection of projects. 
 Using fuzzy logic, Moazami et al. (2011) were able to prioritize pavement 
rehabilitation projects based upon a model including effects of important factors like 
pavement condition index, traffic volume, road width, and rehabilitation costs. The 
authors used AHP to prioritize criteria and then applied fuzzy logic modeling related to 
humane inference in order to obtain satisfactory precision. The developed product 
inference engine allows for the prioritization of road segments for repair based on their 
condition and cost. 
 The linear programing, gradient search methods, and MCDM approaches 
reviewed have benefits; however these methods cannot compete with the efficiency of 
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evolutionary algorithms when conducting a search for an optimal solution in large and 
discontinuous search spaces. 
2.5.2 Evolutionary Optimization for Road Rehabilitation 
 A MOGA was developed by Fwa et al. (2000) in order to minimize maintenance 
cost and maximize work production on roadways.  A comparison of the Pareto fronts 
between the two-objective solutions and three-objective solutions, where condition was 
maximized, was also conducted. This research established the usefulness of using 
evolutionary methods in solving problems with intractably large and poorly understood 
solution spaces. 
A genetic algorithm was used by Ferreira et al. (2002) in a probabilistic segment-
linked mixed-integer model for network level-level pavement management. The outcome 
of the research showed that genetic algorithms are more effective than branch and bound 
methods for solving large problems.  The model proved superior to traditional methods in 
minimizing costs while prescribing maintenance and rehabilitation actions to 9, 27, and 
254 segment networks. 
Wu and Flintsch (2009) developed and implemented a multi-objective approach 
for pavement preservation optimization in a case study with the two conflicting objectives 
of maximizing the network level of service in terms of weighted average state condition 
and minimizing the total preservation cost. The model used Markovian probabilities in 
the estimation of pavement conditions and utilized four categories for restorative options: 
(1) do nothing, (2) preventative maintenance, (3) corrective maintenance, and (4) 
restorative maintenance. The costs associated for each option in the model were based 
upon materials only.  The model identified the tradeoffs between the competing 
objectives in the multi-objective analysis created a solution that was likely favorable 
when compared to analysis from the two objectives run independently. 
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 Deshpande et al. (2010) present three models for pavement rehabilitation 
decision making: the first minimizes the cost where the target reliability is set as a 
constraint; the second maximizes the cumulative life-cycle reliability where the budget is 
set as a constraint; and the third minimizes cost and maximizes reliability.  For the third 
model, the authors utilized a MOGA to determine Pareto optimal solutions for pavement 
rehabilitation strategies. The Pareto front is based on tradeoffs between reliability and 
cost.  As input into the three models, pavement reliability and the effect of rehabilitation 
actions are modeled using parametric fragility curves based on simulated pavement 
responses.  
Zhang et al. (2010) used dynamic programming optimization techniques, 
developed a model that integrates dynamic life-cycle assessment and life-cycle cost 
analysis models with an autoregressive pavement overlay deterioration model. The model 
identified optimal preservation strategies, that when compared to the Michigan 
Department of Transportation preservation strategies, would reduce the total life-cycle 
energy consumption by 5–30%, greenhouse gas emissions by 4–40%, and costs by 0.4–
12% for concrete, engineered cementitious composites, and HMA overlay systems. 
Abdel-Monem and Ali (2010) presented a spreadsheet-based system for 
sustainable asset management that can be used for road and pipelines alike. Each asset is 
represented in a separate row in a spreadsheet with the data related to the asset 
represented in columns. A tactical asset management plan of five years is generated. The 
system made use of a Markov deterioration model and a linear deterioration model to 
identify the future status of each asset and assign a priority rating. Using the results of the 
deterioration modeling, the spreadsheet minimizes the average priority for all assets while 
adhering to two constraints: (1) Yearly repair cost should be less than or equal to the 
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yearly budget; and (2) the priority of each asset in any year should not be higher than a 
value predetermined by the operator. 
2.6 Holistic Rehabilitation Models 
 Previous investigations into the holistic optimization of municipal infrastructure 
rehabilitation and renewal are very limited. Lalonde and Bergeron (2003) addressed the 
issue of concurrent optimization of various ROW infrastructure networks. This analysis 
identified that the management of infrastructure assets requires an estimation of the 
potential degradation of an asset over its life cycle, analysis of the impact from asset 
failure, and a set of actions such as maintenance or replacement. Three fundamental 
management problems were also identified: micromanagement (segment level analysis), 
macromanagement (network level analysis) and strategic management (integrated asset 
management). Integrated asset management is considered to be the synchronization of 
several maintenance or management strategies for various networks (e.g. water, sewer 
and road networks). Taking into account Reliability Theory, the methodology estimated 
the empirical reliability of an asset based on historical data.  
Shahata and Zayed (2010) established a methodology to facilitate decision-
making processes regarding corridor rehabilitation for road, water, and wastewater 
networks. The proposed framework utilized the following steps: analyze risk, conduct 
performance evaluations, assess current physical conditions of pipe and road segments, 
collect data and perform data gap analysis, document conceptual business process 
diagrams, develop decision analysis trees, and optimize repair/renewal cost. The authors 
did not publish any results or findings, but indicated that the testing of the methodology 
was forthcoming.  
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2.7 Literature Review Conclusions 
 A review of the current literature and research has revealed that there is a need 
for a holistic integrated decision making methodology when it comes to ROW 
infrastructure.  The research into individual systems considered in isolation can be used 
to lay the groundwork for a holistic system. One of the major findings of the literature 
review is that economics, condition, and segment importance all need to be incorporated 
into any holistic decision-making model. Additionally, it was discovered that many of the 
models that consider only one infrastructure component are specific to a certain 
geographic area.  Some of the models that take into account very specific information 
cannot be used in different locales and require unreasonable amounts of data collection. 
Municipalities are frequently short on resources and therefore need a simplified approach 
to ROW maintenance, rehabilitation, and renewal planning that minimizes resources 
consumed during the planning stage.  A methodology that can be used in conjunction 
with a municipality’s current data-gathering practices would accomplish such a 
minimization of front-end planning resources. 
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Chapter 3 
METHODOLOGY 
 There are nearly unlimited factors that can be taken into consideration when 
planning for the rehabilitation of an individual ROW infrastructure network.  These 
factors can typically all be lumped into the following three categories: condition, 
criticality, and economics. Factors that would fall under the condition category include 
defects, structural integrity, deterioration rate, and performance. Criticality factors 
include the facilities and areas serviced by a segment, social demands, the position of a 
segment within a network and dependent elements, and consequences associated with 
failure.  Both condition and criticality play a role in the economics associated with ROW 
infrastructure planning; however, the main factors for economic consideration are 
financial costs, residual life, opportunity cost, environmental considerations, and budget. 
In the research reviewed in the previous chapter, there was no consensus as to 
what factors should be taken into account and how they should be measured, determined, 
and applied when planning asset management.  The one constant theme that emerged 
throughout the reviewed research that investigated individual network optimization was 
that a planning or decision-making tool should take into consideration condition, 
criticality, and economics.  Thus, the optimization model presented in this research will 
utilize condition, criticality, and economics in producing an optimized rehabilitation plan 
that maximizes the effectiveness of a municipality’s budget. 
The need to adopt an integrated holistic decision-making tool that considers 
geospatially interdependent infrastructure components has been widely recognized 
(Halfawy et al., 2002; Lalonde and Bergeron, 2003; Halfawy et al. 2008; Shahata and 
Zayed, 2010; Di Sivo and Ladiana, 2011).  Pursuing holistic integration in the 
maintenance and renewal of ROW infrastructure is a difficult but indispensable task in 
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order to overcome the irrationality of current operating modes, characterized by a 
substantial disinterest in the effects of mutual interference among systems (Di Sivo and 
Ladiana, 2011). When dealing with ROW infrastructure assets, an integrated approach 
can alleviate or minimize the following problems (Antonoff et al. 2009; Di Sivo and 
Ladiana, 2011): 
 Transportation projects missing opportunities to provide access to 
utilities 
 Utility projects moving on their own timeline without coordination 
across utilities 
 Newly-resurfaced city streets being opened to repair-aged subsurface 
pipes  
 Missed opportunities for savings through economies of scale 
 Lack of funds dedicated to the management of existing infrastructure 
Additionally, an integrated approach forces decision makers to break out of their silos 
and consider the greater good of a municipalities ROW infrastructure. 
The crux of this research is based on the hypothesis that by simultaneously 
considering all three right of way assets in the development of a maintenance, 
rehabilitation, and renewal plan, the overall condition and performance of each network 
will be greater than when maintenance rehabilitation and renewal plans are generated 
without consideration for geospatially interdependent assets.   
Finally, the model that will be designed to test the hypothesis will also be 
designed so that a municipality’s current condition rating system/practices and preferred 
deterioration scheme can be easily incorporated.  The reason for this flexibility is that 
condition ratings, condition investigations, and deterioration-modeling practices vary 
greatly from municipality to municipality (Whittle et al. 2011).  
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The basic outline for the holistic ROW infrastructure maintenance, rehabilitation, 
and renewal planning methodology that is presented in this research can be seen in Figure 
3.1. The basic components of the model follow the major aspects of integrated 
management identified by Whittle et al. (2011), namely, network identification, condition 
rating, condition prediction, and the use of optimization techniques for maximizing 
benefit/cost ratio over a planning horizon. Due to the volatility associated with the funds 
available for municipal budgets, a short-term planning horizon of five years will be used.   
 
Figure 3.1. Integrated ROW maintenance, rehabilitation and renewal framework. 
Segment Identification and Classification
Convert and Input Condition Ratings Apply Deterioration Model/Scheme
Establish Costs and Benefits for Maintenance, 
Rehabilitation and Renewal Activities
Budget Constraints and Departmental 
Policy
Prioritize Segment Rehabilitation Based on 
Cost/Benefit
ROW  Network
(Water, Sewer and Road)
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 Each box in figure 3.1 represents a step in the holistic maintenance, 
rehabilitation, and renewal methodology that is presented in this research.  The following 
sections will discuss each step in the methodology.  The ROW Network Identification 
section will discuss identifying the ROW infrastructure component networks that the 
methodology will be applied to. The Segment Identification and Classification section 
describes how segments are identified within the methodology’s objective function and 
how each segment’s criticality is established.  The Convert and Input Condition Ratings 
section and the Apply Deterioration Model section provide information related to 
establishing the condition of each segment being considered by the methodology. The 
Establish Costs and Benefits for Maintenance, Rehabilitation, and Renewal Actions 
section discusses the associated costs and the impact on condition rating that 
maintenance, rehabilitation, and renewal actions have for each type of segment. Lastly, 
the Prioritize Segment Rehabilitation Based on Cost/Benefit section presents the 
objective function and the application of an evolutionary search algorithm to the 
objective function in order to optimize the five year maintenance, rehabilitation, and 
renewal plan. 
3.2 ROW Network Identification 
 In order to test the hypothesis, a sample network would need to be utilized as the 
testing grounds for the methodology.  A five node by five node grid made up of 
components with varying capacities was used as the foundation for each component 
network within the right of way. Differing capacities were used in order to allow the 
prioritization scheme to take into account different levels of criticality for different 
segments. Within the five node by five node grid, there is a separate network for each 
ROW component: water, sewer, and roads. The sample block that was chosen to serve as 
the base for this study was located in Tucson, Arizona.  The block, which can be seen in 
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Figure 3.2, is bordered on the north by East Pima Street, the east by North Wilmot Road, 
the south by East Speedway Boulevard, and the west by North Sahuara Avenue. This 
particular grid was chosen for the diversity, in terms of capacity, of the roadways that are 
encompassed within the boundaries.   
 
Figure 3.2. Map showing block utilized as the basis for network configuration and scale 
(Google Maps,2012). 
The size of the sample network was limited to five by five due to the exponential 
nature of the search space for optimization models where decision variables can have 
multiple outcomes.  Current computing limitations dictated the use of a sample network 
of this size. Utilizing a small network permits for the initial testing of the hypothesis and 
allows for conclusions to be drawn regarding the validity of the methodology while also 
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setting the table for future research on larger networks when computing limitations have 
been eased.  The size of the search space will be further addressed later in this chapter.   
3.3 Segment Identification and Classification. 
 In this step, the segments that will be considered for maintenance, rehabilitation, 
and renewal are identified and input into the model. The associated characteristics that 
establish the criticality of each segment are also identified at this stage.  These 
characteristics are later used in the identification of costs associated with actions taken to 
maintain, rehabilitate, or renew the segment.   
 For the purposes of this research, each intersection within the grid seen in Figure 
3.2 was taken to be a node.  The segments that would be considered for possible 
maintenance, rehabilitation, or renewal activities were defined as the piece of a 
component connecting one node to another. In order to provide each segment with a 
unique identifier that could be easily represented in an objective function, each segment 
was given a number.  To further distinguish between water, sewer, and road segments in 
the objective function, a “w,” “s,” or “r” was used to identify which right of way 
infrastructure component a segment belonged to.  As an example, w12 would correspond 
to the water pipe located at segment 12. Likewise, r12 would be the road segment at the 
same location, and s12 would be that location’s sewer segment.  In Figure 3.3, the 
numbering system for the segments within the network has been overlaid on the map of 
the original network.  
3.3.1 Road Network Segments and Criticality 
 There are many factors that contribute to the criticality of a road and each 
municipality has different methods and criteria for evaluating the importance of a given 
road segment.  Because creating a methodology for the evaluation of roadway criticality 
is not the focus of this dissertation, the type and size of road were the only factors used to 
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establish segment criticality.  In order to be compatible with any municipality’s current 
methodologies for identifying the criticality of a roadway, the criticality values are not 
fixed and are a user input.  In this methodology, a simple scale that ranged from 0-100, 
which can be adopted by any municipality and used in alignment with any existing 
importance or criticality rating system, is used.  A criticality score of 100 would 
designate that a road was of the upmost importance in the municipality’s overall traffic 
movement, while a score of one would indicate that a road was of little importance in the 
grand scheme of things.   
 
Figure 3.3. Segment numbering system (Google Maps,2012). 
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 The City of Phoenix Street Classification System was used to assign the 
criticality to each road within the network.  The following types of roads are identified in 
the City of Phoenix Street Classification System (City of Phoenix, 1992): major arterial, 
arterial, collector, minor collector, and local.  Table 3.1 provides the characteristics for 
each type of road. 
Table 3.1 
Road Classification (City of Phoenix, 1992) 
 
Road Type and 
Criticality Rating
Characteristics Description of Characteristics
Trip Distances: Long distance traffic movement throughout the city.
Access Controls: Very limited service to abutting land. Access is controlled through raised 
medians and the spacing of driveways and intersections.
Traffic Separation: Opposing flows are separated by a raised median.
Traffic Volumes: 30,000-60,000 ADT (Average Daily Trips)
Number of Lanes: Three through lanes in each direction
Trip Distances: Moderately long distance traffic movement throughout the city.
Access Controls: Moderate service to abutting land. Access is controlled through raised 
medians and the spacing of driveways and intersections.
Traffic Separation: Opposing flows are separated by a raised median or continuous left-turn lane.
Traffic Volumes: 15,000-50,000 ADT 
Number of Lanes: Two or three lanes in each direction
Trip Distances: Provides for short distance (less than three miles) traffic movement; primarily 
functions to collect and distribute traffic between local streets or high volume 
traffic generators and arterial streets.
Access Controls: Direct access to abutting land and some access control through raised 
medians and the spacing of driveways and intersections.
Traffic Separation: Generally unseparated but may have continuous left-turn lane or median.
Traffic Volumes: 5,000-30,000 ADT 
Number of Lanes: One or two through lanes in each direction.
Trip Distances: Provides for short distance (less than three miles) traffic movement; primarily 
functions to collect and distribute traffic between local streets and arterial 
streets.
Access Controls: Direct access to abutting land and some access control through raised 
medians and the spacing of driveways and intersections.
Traffic Separation: Generally unseperated but may have continuous left-turn lane.
Traffic Volumes: 1,000-8,000 ADT 
Number of Lanes: One through lane in each direction.
Trip Distances: Provides for short distance (less than 1/2 mile) traffic movement; not intended 
for through traffic; connects to collector, minor collector, and arterial streets.
Access Controls: Primarily functions to provide direct access to abutting land and for traffic 
movement through neighborhoods.
Traffic Separation: Not separated
Traffic Volumes: Under 1000 ADT
Number of Lanes: One lane in each direction.
Major Arterial                      
(CR = 100)
Arterial                      
(CR = 50)
Collector                            
(CR = 25)
Minor Collector                                     
(CR = 10)
Local                                           
(CR = 1)
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 In the objective function of the model, CR is used as the symbol for criticality 
rating.  As seen in Table 3.1 the following are the 0-100 criticality rating values for the 
different types of roads: Major Arterials (100), Arterials (50), Collectors (25), Minor 
Collectors (10), and Local Roads (1).  The values that were assigned to road segments for 
this investigation can be seen in Table 3.2. Due to the fact that North Alamo Avenue does 
not exist between East Bellevue Street and Speedway Boulevard, there is no criticality 
value associated with segment r32 and the segment will not be considered in the model. 
Table 3.2 
Criticality ratings and classification for roads used in model. 
 
 
3.3.2 Sewer Network Segments and Criticality 
 Just as with roads, there are many factors that contribute to criticality of a sewer 
line and each municipality has different methods and criteria for evaluating the 
importance of a given sewer segment.  Again, because the purpose of this research is not 
to create a methodology for the evaluation of criticality, the size of sewer line was the 
only factor used to establish segment criticality. Due to the quantities of sewage 
conveyed and the costs associated with failure, larger sewer lines were deemed to be 
more critical.  As with roads, in order to be compatible with any municipality’s current 
Corresponding Road Segment Numbers Criticality (CR) Classification
East Pima Street r1, r2, r3, r4 25 Collector
East Lee Street r5, r6, r7, r8 1 Local
East Fairmount Street r9, r10, r11, r12 1 Local
East Bellevue Street r13, r14, r15, r16 1 Local
East Speedway Blvd. r17, r18, r19, r20 100 Major Arterial
North Sahuara Ave. r21, r22, r23, r24 10 Minor Collector
North Sonoita Ave. r25, r26, r27, r28 1 Local
North Alamo Ave. r29, r30, r31 1 Local
North Rook Ave. r33, r34, r35, r36 1 Local
North Wilmot Road r37, r38, r39, r40 50 Arterial
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methodologies for identifying the criticality of a particular sewer line, the criticality 
values are not fixed and are a user input.  In order to achieve continuity within the model, 
the same scale ranging from 0-100 that was employed in the road section was used for the 
sewer and water segments as well.  A criticality score of 100 indicates that a sewer is of 
the utmost importance in the municipality’s overall sewer conveyance, and a score of one 
would indicate that a particular sewer segment was of little importance in the overall 
waste conveyance scheme.   
Sewer diameters were used as the basis for establishing the criticality ratings that 
would be used in the model.  Using information related to the sanitary sewer system in 
Tucson that is available through the Pima County Regional Wastewater Reclamation 
Department, the actual diameters for the sewer pipes in the sample network were 
obtained (See Pima County, 2010). However, in order to better test the decision-making 
ability of this methodology across varying levels of criticality, some of the sewer 
diameters were increased in order to ensure that there would be a variety of different 
criticality ratings assigned to the various segments within the model.  As with the road 
network, no sewer segment exists on North Alamo Avenue between East Bellevue Street 
and Speedway Boulevard. Thus, there is no criticality value associated with segment s32 
and the segment will not be considered in the model.  Table 3.3 shows the diameter, 
criticality rating, and corresponding roadway for each sewer segment.  
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Table 3.3 
Criticality ratings and diameters for sewers used in model. 
 
 
3.3.3 Water Network Segments and Criticality 
Due to the sensitive nature of information related to water lines, sizing and 
conveyance information for the water lines within the sample network was unavailable to 
the general public. Thus, a standard looped network was fabricated and used as the basis 
for the model.  A wide variety of pipe diameters were employed in order to ensure that 
there would be a variety of different criticality ratings assigned to the various segments 
within the model.  
Transmission mains with diameters 24 and 20 inches were assigned respectively 
to East Speedway Boulevard and North Wilmot Road. Additional transmission mains of 
16 inch diameters were assigned to the network’s remaining perimeter roads, East Pima 
Street and North Sahuara Avenue. The water lines not forming the perimeter were all 
assigned an 8 inch diameter due to the fact that lines located under local streets would 
most likely be delivery mains.   
As with the two previously discussed networks, a criticality scale ranging from 0-
100 was used in establishing the CR values for the segments within the water network.  
Corresponding Road Segment Number Criticality (CR) Diameter (Inches)
East Pima Street s1, s2, s3, s4 10 12
East Lee Street s5, s6, s7, s8 1 8
East Fairmount Street s9, s10, s11, s12 1 8
East Bellevue Street s13, s14, s15, s16 1 8
East Speedway Blvd. s17, s18, s19, s20 50 24
North Sahuara Ave. s21, s22, s23, s24 10 12
North Sonoita Ave. s25, s26, s27, s28 1 8
North Alamo Ave. s29, s30, s31 1 8
North Rook Ave. s33, s34, s35, s36 1 8
North Wilmot Road s37, s38, s39, s40 100 36
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The diameter, criticality rating, and corresponding roadway for each water segment can 
been seen in Table 3.4. 
Table 3.4  
Criticality ratings and diameters for water lines used in model. 
 
 
3.4 Convert and Input Condition Ratings 
 The lack of standard definitions, standard reports, standard codes, standard data 
storage, and standard information presentation practices noted by Whittle et al. (2011) 
establish the need for any ROW infrastructure decision-making methodology that 
optimizes maintenance, rehabilitation, and renewal to be flexible when it comes to the 
inputting of data.  Consequently, this research employed a 0-100 scale for the condition 
rating of each segment, where the symbol in the objective function for condition is C.  
The 0-100 scale was chosen for the following reasons: 
 Municipalities that employ a current condition rating system could easily 
convert their current rating to the new scale.  In the literature review, it was 
found that most of the existing systems that provide condition ratings operate 
on a scale of 1-5 or 1-10; either scale can be easily converted to work with 
the proposed 0-100 scale. 
Corresponding Road Segment Number Criticality (CR) Diameter (Inches)
East Pima Street w1, w2, w3, w4 25 16
East Lee Street w5, w6, w7, w8 1 8
East Fairmount Street w9, w10, w11, w12 1 8
East Bellevue Street w13, w14, w15, w16 1 8
East Speedway Blvd. w17, w18, w19, w20 100 24
North Sahuara Ave. w21, w22, w23, w24 25 16
North Sonoita Ave. w25, w26, w27, w28 1 8
North Alamo Ave. w29, w30, w31 1 8
North Rook Ave. w33, w34, w35, w36 1 8
North Wilmot Road w37, w38, w39, w40 50 20
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 Municipalities that wish to incorporate deterioration models for any ROW 
component can easily manipulate the output from said models and 
incorporate the results in the calculation of the 0-100 condition rating.   
 Using a condition rating scale that is of the same magnitude as the criticality 
scale allows for faster calculations within the model that will be developed in 
excel (Frontline Systems, 2011).  
At this stage, any municipality utilizing this decision-making methodology would 
apply the necessary transformations to their current segment condition ratings and simply 
enter them into the model. A condition rating of 0 would imply that the segment is brand 
new and has yet to suffer any ill effects from usage.  A condition rating of 50 would 
indicate that a segment has experienced significant deterioration and is halfway through 
its intended useful design life, but still in a serviceable enough condition where 
performance has not diminished too greatly and failure is unlikely.  Scores of 100 
indicate an asset that is suffering in performance, is at the end of its intended useful life, 
and that failure of the asset is imminent.  
Baseline condition ratings for the various segments within each different ROW 
infrastructure component can be found in Table 3.5.  The baseline condition ratings are 
the conditions ratings for each segment at year zero, with year one being the first year of 
the five year maintenance, rehab, and renewal plan.  In a typical network of the same size 
and age as the one chosen for this study, most of the segments within each ROW 
component would likely be in similar condition due to having been constructed at the 
same time and incurring similar usage. Therefore, the values displayed in the table were 
generated using a random number generator in order to establish a wide variety of 
conditions within the sample network.  These randomly generated beginning values can 
be considered to be the values that would have been assigned if actual condition 
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investigations had occurred.  By employing a variety of conditions, the models’ ability to 
differentiate between segments with varying condition ratings while prioritizing segments 
for maintenance, rehabilitation, and renewal can be tested.  
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Table 3.5 
Condition ratings for ROW infrastructure components.  
 
 
Road Name Segment Road (C) Sewer (C) Water (C)
1 20 44 34
2 81 84 59
3 77 62 68
4 65 99 38
5 38 49 72
6 3 79 14
7 72 43 61
8 46 31 78
9 36 90 66
10 24 15 32
11 93 16 62
12 66 97 74
13 48 35 75
14 86 28 55
15 29 21 17
16 59 61 46
17 56 99 8
18 82 69 97
19 99 97 67
20 33 12 31
21 3 93 29
22 80 55 92
23 3 23 40
24 55 80 55
25 8 98 1
26 13 79 62
27 46 11 61
28 45 42 80
29 12 18 36
30 15 5 20
31 36 27 4
33 68 50 50
34 52 96 9
35 7 70 11
36 88 52 51
37 19 0 27
38 83 74 60
39 79 67 74
40 45 25 53
North Sonoita Ave.
North Alamo Ave.
North Rook Ave.
North Wilmot Road
East Pima Street
East Lee Street
East Fairmount Street
East Bellevue Street
East Speedway Blvd.
North Sahuara Ave.
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3.5 Apply Deterioration Model 
 This step allows the municipalities that utilize deterioration models in the 
forecasting of their assets’ condition to incorporate the deterioration scheme over the five 
year planning window. For each year in which there is no action taken for a particular 
segment, the model will add the deterioration factor to the segment’s condition rating. 
Any municipality utilizing this methodology can add the deterioration factor prescribed 
by their preferred deterioration model.  In order to accomplish this, a municipality would 
have to run their deterioration model and establish the level of deterioration for each 
different segment should no action be taken at the given condition in a given year.  The 
results of their deterioration modeling can be converted to fit within the 0-100 condition 
rating scale and entered into the objective function for utilization within the decision-
making model.   
 For this research, a linear deterioration model was employed.  The primary 
reason for using a linear deterioration model was that many smaller and medium sized 
municipalities have not invested in deterioration modeling and do not have the resources 
to do so.  Beyond that, there is already a precedent for using linear deterioration models 
in this type of research (Abdel-Monem and Ali, 2010). A linear deterioration model can 
be easily developed based upon an asset’s intended useful design life.  
Much research has been and is currently being conducted on the development of 
deterioration models, with each model having different advantages and applicability.  
Factors such as weather, usage, material, construction methodology, and other 
environmental characteristics are considered in many of these models.  Unfortunately, 
there is no consensus amongst researchers as to what model is the best.  In an application 
where a municipality is attempting to create a baseline maintenance, rehabilitation, and 
renewal plan, pinpoint accuracy for the condition of segments is not necessary and 
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typically comes at too high of a cost to be justifiable.  A basic understanding of a 
segment’s condition allows for prioritization and initial plan development.  A linear 
scheme does not take into account actual usage characteristics that may exceed or fall 
short of projected usage, but it does provide an excellent baseline that municipalities can 
use in the development of their rehabilitation plans. 
Applying a linear deterioration scheme assumes a constant rate of deterioration 
for an asset. In the case of this model, establishing a yearly deterioration factor involves 
dividing the maximum value (100) for condition rating by the number of years in the 
intended useful design life of a roadway. Equation 1 shows the basic formula for 
establishing the yearly deterioration factor for a segment. 
   
                        
                  
 
where 
                       
(3.1) 
3.5.1 Roadway Deterioration  
 The roadways in the model are typical asphalt roads.  The typical design life for 
an asphalt road or other flexible pavements is 20 years (Croney and Croney, 1997). Using 
the typical design life of 20 years, a yearly deterioration value of five condition rating 
points was established for roads within the model.  Therefore, any road not chosen to 
receive maintenance, rehabilitation, or renewal during a given year in the modeling 
process has an additional five points added to its condition for the following year. 
3.5.2 Sewer Deterioration  
 Using the information available through the Pima County Regional Wastewater 
Reclamation Department, it was identified that the sewer pipes in the model were 
vitrified clay pipe (Pima County, 2010).  Gabriel and Moran (1998) state the 
recommended design service life for vitrified clay pipe to be 100 years.  Therefore, the 
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deterioration factor to be added to the condition score for sewer segments not receiving 
maintenance, rehabilitation, or renewal in a given year is one additional condition point. 
3.5.3 Water Deterioration  
 Due to the fact that the materials for the water segments being used in this 
research have not been established, the U.S. Environmental Protection Agency’s 
generally accepted design life of 50 years (Sterling et al. 2009) was applied to the 
fabricated water network.  While pipes made of certain materials may have anticipated 
useful lives greater than 50 years, this research avoids exhibiting any bias by not 
specifying pipeline material for the fabricated water network. The 50 year design life 
leads to a deterioration factor of two points being added to the water segments not 
undergoing maintenance, rehabilitation, or renewal in a given year.  
3.6 Establish Costs and Benefits for Maintenance, Rehabilitation, and Renewal 
 In order to establish an objective function that will serve as the basis for 
generating an optimal maintenance, rehabilitation, and renewal plan, both the costs and 
the benefits of any action need to be included in the function.  The methodology 
presented in this research makes use of four possible actions to be taken by the model 
when establishing what will happen to a given segment in a given year:  nothing, conduct 
maintenance, rehabilitate, or renew. Within the objective function of the model, the 
variable X is used to symbolize the action taken.   As the actions progress from nothing to 
renewal, the costs as well as the benefits will increase.   
The costs used in the model are basic dollar per linear foot estimates that were 
developed by assessing the type of asset and the action being taken on said asset. The 
dollar values were based on average values for similar work performed within the City of 
Phoenix in the year 2010. Within the state of Arizona, costs for infrastructure projects of 
this nature have remained virtually static since then.  Because this methodology is 
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intended to be used in the development of a five year maintenance, rehabilitation, and 
renewal plan, generalized costs are considered sufficient.  Establishing real costs for each 
different segment within a ROW infrastructure network would be impractical and 
consume resources that are already at a minimum.  Using generalized costs allows for the 
establishment of a baseline plan from which municipalities can move forward and 
establish real costs for those projects.  It is understood that some projects will ultimately 
cost more and some projects will ultimately cost less than the costs used in the model.  
The benefit values used within the model were assigned based upon the 
information in Table 3.6.  Table 3.6 shows the integer values for with each action (X) and 
provides a baseline for what each action entails. 
Table 3.6  
Possible segment actions. 
 
The methodology presented in this research is designed to be portable and used 
to prioritize projects in the creation of maintenance, rehabilitation, and renewal plans for 
any existing network. Cost values and benefit values can be customized based upon the 
different actions that a municipality wishes to consider. The plan that is generated should 
be used as a baseline for a municipality to establish which projects to pursue. Upon 
actually pursuing the projects, more accurate costs and benefits can be established and the 
initial plan generated by the model can be updated accordingly. 
 
X Value Action 
0
Do nothing – No action taken and asset deteriorates at the rate established using 
Equation 3.1.
1
Maintenance – Basic preventative maintenance that extends the useful life of an asset 
to a small degree.
2
Rehabilitation – Restoring an asset to a condition that significantly extends the useful 
life of that asset.
3 Renewal – Completely demolishing and erecting a new asset.
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3.6.1 Road Segment Costs and Benefits 
The cost and the benefit for each different type of road can be seen in Table 3.7. 
Costs are given in dollars per linear foot, and benefit is shown in terms of condition 
rating points (C). As table 3.7 shows, in the case where no action is taken in a given year, 
a road segment will have five condition rating points added to the following year’s 
condition rating. Maintenance, which improves the condition rating by ten points, is 
considered to be filling potholes and sealing cracks. In terms of the model, rehabilitation 
consists of scarifying and applying a new topcoat of hot mix asphalt. In cases where 
renewal is selected, the segment will be demolished through the base course and 
completely redone. Renewal results in a segment having its condition rating reset to zero. 
Table 3.7  
Costs and benefits associated with selected actions for roads. 
 
3.6.2 Sewer Segment Costs and Benefits 
The cost and the benefit for each different size of sewer within the model can be 
seen in Table 3.8. Costs are given in dollars per linear foot, and benefit is shown in terms 
of condition rating points (C). As Table 3.8 shows, in the case where no action is taken in 
a given year, a sewer segment will have one condition rating point added to the following 
year’s condition rating. Maintenance of a sewer line consists of basic cleaning and 
preventative maintenance actions such as sealing cracks. Rehabilitation actions can 
include point repairs, mechanical repairs, chemical grouting, and/or relining.  Renewal 
Cost 
($/LF)
Bennefit 
(C )
Cost 
($/LF)
Bennefit 
(C )
Cost 
($/LF)
Bennefit 
(C )
Cost 
($/LF)
Bennefit 
(C )
Local $0 +5 $15 -10 $100 -50 $160 C = 0
Minor Collector $0 +5 $18 -10 $115 -50 $175 C = 0
Collector $0 +5 $23 -10 $150 -50 $210 C = 0
Arterial $0 +5 $36 -10 $240 -50 $350 C = 0
Major Arterial $0 +5 $45 -10 $300 -50 $415 C = 0
Nothing                          
(X=0)
Maintenance                       
(X=1)
Rehabiliatation 
(X=2)
Renewal                                  
(X=3)
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for sewer segments is the complete demo and reconstruction of the line. In cases where 
renewal is selected, a segment will have its condition rating reset to zero. 
Table 3.8  
Costs and benefits associated with selected actions for sewers. 
 
3.6.3 Water Segment Costs and Benefits   
The cost and the benefit for each different size of waterline within the model can 
be seen in Table 3.9. Costs are given in dollar per linear foot, and benefit is shown in 
terms of condition rating points. As Table 3.9 shows, in the case where no action is taken 
in a given year, a waterline will have two condition rating points added to the following 
year’s condition rating. In the model, maintenance for waterlines consists of preventative 
maintenance actions such as water main flushing, water valve exercising and fire hydrant 
servicing. Rehabilitation actions can include point repairs, mechanical repairs, and 
relining.  Renewal for water segments consists of the complete demo and reconstruction 
of the line.   In cases where renewal is selected, a segment will have its condition rating 
reset to zero. 
 
 
 
 
 
Cost 
($/LF)
Bennefit 
(C )
Cost 
($/LF)
Bennefit 
(C )
Cost 
($/LF)
Bennefit 
(C )
Cost 
($/LF)
Bennefit 
(C )
8" $0 +1 $10 -10 $75 -50 $105 C = 0
12" $0 +1 $15 -10 $90 -50 $150 C = 0
18" $0 +1 $22 -10 $110 -50 $200 C = 0
24" $0 +1 $30 -10 $145 -50 $245 C = 0
36" $0 +1 $40 -10 $180 -50 $300 C = 0
Nothing                          
(X=0)
Maintenance                       
(X=1)
Rehabiliatation 
(X=2)
Renewal                                  
(X=3)
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Table 3.9  
Costs and benefits associated with selected actions for water lines. 
 
3.7 Budget Constraints and Departmental Policy 
 The main goal of the methodology presented in this research is to identify an 
optimal or near optimal maintenance, rehabilitation, and renewal plan for a ROW 
infrastructure network.  An optimal plan is one in which the effectiveness of the budget 
that is dedicated to ROW asset management is maximized.  The reason this research is 
necessary is that municipalities operate within a budget.  If all municipalities had 
unlimited resources, then this research would lack merit.  However, as pointed out in the 
introduction, municipalities currently lack the funds to bring their infrastructure up to par.  
Therefore, the budget becomes the most important constraint for any municipality 
generating a rehabilitation plan.  
Additional constraints can include various departmental policies, politics, 
available material, labor resources, and feasibility constraints. Politics often play a part in 
the process based upon political figures trying to usurp the available resources for use in 
the areas that they represent.  However, decisions based on politics are not likely to be the 
optimal solution based upon the effectiveness of dollars spent and are impossible to 
model. Thus, the results of this methodology can be used to quell political debate and 
show a more effective way to distribute funds across projects. Material and labor 
constraints are known to exist in certain areas and will need to be evaluated by a 
municipality while estimating and assigning costs to actions within the model. A 
Cost 
($/LF)
Bennefit 
(C )
Cost 
($/LF)
Bennefit 
(C )
Cost 
($/LF)
Bennefit 
(C )
Cost 
($/LF)
Bennefit 
(C )
8" $0 +2 $10 -10 $55 -50 $75 C = 0
16" $0 +2 $15 -10 $95 -50 $155 C = 0
20" $0 +2 $25 -10 $130 -50 $195 C = 0
24" $0 +2 $30 -10 $140 -50 $220 C = 0
Nothing                          
(X=0)
Maintenance                       
(X=1)
Rehabiliatation 
(X=2)
Renewal                                  
(X=3)
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project’s feasibility should be taken into consideration prior to having it considered in the 
model.  This is because any action that is not feasible should not be considered in the 
model, for it only complicates the search for an optimal solution. Therefore, the only 
constraint left for the model to consider is departmental policies. Both budget and 
departmental policy will be further discussed in the following two subsections. 
3.7.1 Budgets 
 Due to the fact that the methodology is for planning purposes, monies not spent 
in a given year were rolled over for use in the following year.  This allows municipalities 
to save money over a period of time in order to pay for larger projects.  This approach 
differs from the “use it or lose it” mentality of many government entities whereby a 
department with money that is unused in a given year has that money taken away. By 
planning to withhold money in certain years, more efficient spending can occur. 
 The methodology handles budget constraints by allowing for the costs associated 
with planned course of actions taken on a given component in a given year to exceed the 
amount of money available.  The constraint is applied in the same manner should a 
municipality choose not to roll over funds from year to year. 
3.7.2 Departmental Policies  
 Departmental policies designed to save money or reduce social costs include not 
conducting maintenance on utilities that are scheduled for rehab or renewal in the near 
future. For example, it is typically unreasonable to conduct maintenance on a pipeline 
that is scheduled for replacement in the near future.  Likewise, scheduled maintenance on 
a brand new pipeline is most likely not an efficient use of municipal funds.  By taking 
these items into consideration, departments establish policies.  These policies can be 
easily incorporated into the model by including them as constraints. 
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For the purpose of this research, the policies that were used as constraints 
included that a planned asset management activity (maintenance, rehabilitation, or 
renewal) shall occur no more than once in any five year period for any road, sewer, or 
water segment. In real world ROW asset management, a large percentage of segments do 
not receive any maintenance, rehabilitation, or renewal action in a five year period.  
Therefore, it would be unreasonable to allow the methodology to assign more than one 
action for a given segment in a five year window. This constraint will be included in the 
objective function for the holistic model and will be further discussed in the following 
section as well as the results section. 
A second departmental policy that was used as constraint was that no segment 
would be eligible for maintenance, renewal, or rehabilitation in a year where it possessed 
a condition rating below 50.  This policy allows decision making to revolve around the 
segments that are in the most need, and eliminates the methodology from including 
unnecessary projects in the solution. The formulation of this constraint will be included in 
the following section. 
3.8 Prioritize Segment Rehabilitation Based on Cost-Benefit Ratio 
  The next step in the methodology is to establish the objective function so that a 
search algorithm can be applied in an attempt to find an optimal maintenance, 
rehabilitation, and renewal plan.  In order to have results to compare with the results of 
the holistic methodology, three separate objective functions must also be established for 
each network when considered in isolation. Each of the four objective functions (roads, 
sewer, water, and holistic) will be solved using the same evolutionary algorithm. This 
allows for a comparison of the current paradigm of working in silos to a holistic ROW 
approach.   
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3.8.1 Objective Functions Overview 
 The basic premise of the objective functions utilized within this research is to 
minimize the average of the yearly component scores for the five year planning horizon 
while adhering to the imposed constraints. The yearly component score is the overall 
assessment of the network for a ROW infrastructure component and is based upon the 
condition and criticality of the segments that make up the network. The single year 
component score (SCS) is the yearly sum of each segment score from within that 
component.  Equation 3.2 shows the formula for the single year component score. 
      ∑   
 
   
 
      
                                 
                
                 
                               
                             
(3.2) 
 
Equation 3.3 shows the method of calculation for the segment score for a 
segment (j) in a given year (i) as a product of the segment’s criticality rating and the 
condition rating squared.   
         (   
 ) 
      
                                                    
                                               
(3.3) 
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The condition rating is squared in Equation 3.3 in order to provide an exponential 
weighting for the condition rating within the decision-making model.  By squaring the 
condition rating, prescribing actions that improve the condition of segments that are in 
poor shape will have a greater impact on the segment and component scores than 
prescribing actions for segments in better condition.  Therefore, the model will favor 
prescribing actions for segments with higher condition rating values due to their being in 
worse condition.  Without the squaring of the condition rating in Equation 3.3, reducing a 
segment with a condition rating of 100 down to 50 would have the same impact on the 
overall component score as taking a segment with the same criticality rating and a 
condition rating of 50 down to a condition rating of 0.  Thus, the squaring is necessary in 
order to ensure that segments in worse condition receive prescribed actions over 
segments that are not in as poor of condition. 
Condition rating for any segment being considered in the model in a given year is 
calculated based on the condition rating from the previous year, the deterioration model, 
and whether or not the segment underwent any maintenance, rehabilitation, or renewal.  
The formula uses Boolean logic in order to account for the numbering constraints 
imposed by the 0-100 condition rating scale (i.e. values cannot be less than zero or 
greater than 100).  Equation 3.4 displays the Boolean logic used in the calculation of a 
segments condition rating in a given year and introduces the decision variables in the 
model. 
     [(             ) ]  [(               )   ]
 [(               )(             ) (           )] 
      
                                          
(3.4) 
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True statements that are evaluated using Boolean logic carry a value of 1, while 
statements that evaluate as being false carry a value of 0 (Givant and Halmos, 2009). The 
beginning C values, values used at year zero, for each Xj can be seen in Tables 3.5. 
With the single year component score and segments score equations already 
established, the equation for the component score can be established (Equation 3.5). The 
component score (CS) is an average of the single year component scores over the 
planning horizon. 
   
∑ ∑    
 
   
 
    
 
 
(3.5) 
where 
                   
                                          
 
 
In order to differentiate between component scores for water, sewer and roads, a 
lower case letter is used.  For the road component score the notation is CSr, for the sewer 
component the notation is CSs and for the water component it is CSw.  
 Therefore, prior to taking the constraints into account, the objective function can 
be simplified to the form shown in Equation 3.6. 
              (3.6) 
 
 The objective function must also take into account the constraints of the 
environment that it is operating in. The budget constraints and departmental policies that 
were previously identified will be entered into the objective function in the form of 
“subject to:” statements. The expenses associated with the prescribed maintenance, 
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rehabilitation, and renewal actions in a given year cannot exceed the available budget for 
that year.  The budget constraints can be seen in Equation 3.7. 
            
      
                  (3.7) 
                                  
               
 Prescribed yearly expenditures depend on the actions that have been prescribed 
by the model for each segment within that year. In order to differentiate between 
prescribed yearly expenditures for roads, water and sewer; the following respective 
notations are used: PEr, PEs and PEw.  Equation 3.8 shows the formula for prescribed 
yearly expenditures. 
     ∑    
 
   
 
(3.8) 
      
                           
The dollar values, in terms of dollars per linear foot, for each possible action can be seen 
in Tables 3.7, 3.8, and 3.9.  
In this research, any unused money from a yearly budget was carried over for use 
in the following year’s budget. It should be noted, however, that some municipalities 
operate in a “use it or lose it” environment and would not have the luxury of rolling over 
unused funds.  The yearly budgets utilized within the model are calculated using 
Equation 3.9. 
                     (3.9) 
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 Due to the fact that this methodology uses mixed integer programing in the 
objective function, integer constraints must also be included in the objective function.  
Equation 3.10 establishes the integer constraint that is placed on the decision variables 
(X) in order to ensure that only numbers corresponding to the identified actions are used 
in the solution. 
            
 
                                (3.10) 
The next constraint that needs to be entered into the objective function is the 
constraint dealing with the number of prescribed actions a segment can be assigned 
during a planning horizon. This constraint is demonstrated in Equation 3.11. 
            
 
[∑   
 
   
      ]                 
(3.11) 
 The final constraint that will be applied is the constraint that disallows 
maintenance, renewal, or rehabilitation for segments with a condition rating score that is 
below 50. This constraint requires that any segment with a condition rating below 50 
maintains a value of zero for the decision variable X, and can be seen in Equation 3.12. 
            
 
                      (3.12) 
3.8.2 Final Objective Functions 
 Due to the fact that model is being tested on components with the same number 
and location of segments, the final objective function for the standalone road, sewer, and 
water models is the same function.  The objective function that was applied to the 
network for each component is illustrated in Equation 3.13.  
              (3.13) 
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In the objective function for the holistic model, it becomes necessary to differentiate 
between the road, sewer and water components across most of the variables. In order to 
do so, lowercase letters are used to designate the difference between components.  A 
lowercase r is used for roads, a lower case s is used for sewers, and a lowercase w is used 
for water. Additionally, the expense ( ) associated with each action ( ) is now a 
calculated value.  The expense calculation takes into account a 20 percent savings for the 
harmonization of any rehabilitation or renewal of a water or sewer line that will occur 
during a year where the corresponding road segment will provide open access to the 
subsurface utilities. The expense calculation also takes into account a 10 percent 
contiguity discount savings for collocated water and sewer projects occurring at the same 
time.  The 20 percent and 10 percent savings figures for projects that sync are based upon 
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research by Nafi and Kleiner (2010).  In order to account for the possible 20 and 10 
percent savings, the prescribed yearly expenditures for the road component (PEri), sewer 
component (    ) and the water component (    ) must now employ Boolean logic, as 
seen in Equation 3.14, 3.15, and 3.16 respectively. The use of Boolean logic also 
eliminates the possibility of combining discounts. For example, if a water, sewer and road 
project are all scheduled for the same year at the same location, no more than a 20 
percent savings would be achieved. 
      ∑     (  (   (      ))  (   (      ))
  
   
 (   (      )(      ))) 
 
      
                                   
                                    
                                   
(3.14) 
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(3.15) 
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(3.16) 
 
 The holistic objective function, which minimizes the sum of the component 
scores for roads, sewer and water, can be seen in Equation 3.17.   
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3.8.3 Evolutionary Algorithm Application and Parameters 
With the objective functions established, the next step that is required to 
prioritize segments for maintenance, rehabilitation, and renewal, based on the cost-
benefit ratio, is to search for the optimal solution.  In order to search the objective 
functions established in the previous section, an evolutionary algorithm was used.  In this 
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case, the Evolutionary Solver that is part of the Premium Solver Platform from Frontline 
Systems was used to conduct the search. The Evolutionary Solver within Premium Solver 
Platform was chosen for its ability to handle large scale optimization problems in terms 
of the number of decision variables. The Evolutionary Solver can process up to 1,000 
decision variables. 
The size of the search space is calculated in terms of possible solutions.  The 
possible solutions are determined based on the number of variables and number of 
possible values for each decision variable.  Factors that determine search space sizes and 
the actual search space sizes for the four objective functions used in this research can be 
seen in Table 3.10. The number of possible solutions for the objective functions used in 
this research is calculated by raising the number of possible values for the decision 
variables (4) to a power that is equal to the number of decision variables (585 for the 
holistic objective function and 195 for the individual components). 
Table 3.10 
Search space properties. 
 
The need to use an evolutionary algorithm stems from the fact that the search 
space of the objective functions created for this research is large and the functions 
themselves are non-smooth, utilize equality constraints, and make use of mixed integer 
programming. Non-smooth problems contain multiple feasible regions and multiple 
locally optimal points within each region, and the situation at one possible solution gives 
very little information about where to look for a better solution (Frontline Systems, 
Segments
Years in 
Planning 
Horizon
Decision 
Variables
Possible # 
of Actions 
Possible 
Answers in 
Search Space
Holistic 117 5 585 4 1.6e + 352
Road 39 5 195 4 2.5e + 117
Sewer 39 5 195 4 2.5e + 117
Water 39 5 195 4 2.5e + 117
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2011). As identified in the literature review, evolutionary algorithms provide faster 
searches to good answers on these types of problems.  Due to the size of the search space 
in the objective functions created for this research, it is impossible to know if an optimal 
solution is ever achieved.  Because the Evolutionary Solver relies in part on random 
sampling, it is a nondeterministic method.  This can cause the solver to yield somewhat 
different solutions on different runs 
3.8.3.1 Parameter settings. 
The parameters within the Evolutionary Solver that were manipulated to 
determine the most efficient search approach were: population size, mutation, random 
seed, and maximum number of sub-problems.  The final values chosen for each of the 
afore mentioned parameters were determined based on observations made during initial 
trials.  The parameter settings were chosen based on their influence of the ability of the 
Evolutionary Solver to quickly converge on good answers. The same  settings were used 
for each run of each model in order to ensure that all four objective functions would be 
tested under the same conditions 
3.8.3.1.1 Population.   
Where most classical optimization methods maintain a single best solution found 
so far, evolutionary algorithms maintain a population of candidate solutions. From that 
population new generations are created via a crossover process that is similar to the 
sexual reproduction of biological organisms, where DNA strands of mating pairs are 
combined to create offspring. Thus, the members of a new population will inherit 
elements of the solutions from the previous generation.   By maintaining a population of 
solutions, evolutionary algorithms have a reduced chance of becoming stuck at a locally 
optimal solution. Research literature suggests that a population need not be very large to 
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be effective and many successful applications of evolutionary algorithms have used 
populations ranging from 70 to 100 members (Frontline Systems, 2011).   
Due to the large search space of the objective functions being tested, the 
maximum possible population size of 200 was used in order to try and minimize the 
likelihood that the Evolutionary Solver would become trapped in locally optimal solution. 
A smaller population (70-100) can be beneficial in searches that do not use a maximum 
number of sub-problems as stopping criteria because the smaller population would 
require fewer calculations and make for a quicker progression through generations.  
However, this research made use of a maximum number of sub-problems in order to 
ensure that each objective function was being subjected to the same stopping criteria and 
tested across the same amount of solutions.  Thus, using the maximum population setting 
available allowed for the largest search space coverage within a set amount of 
generations. 
3.8.3.1.2 Mutation.   
Mutation elements that are incorporated in evolutionary algorithms are inspired 
by the role of mutation elements of an organism's DNA in natural evolution. An 
evolutionary algorithm periodically makes random changes or mutations in one or more 
members of the current population, yielding a new candidate solution that may or may 
not be better than existing population members. The result of a mutation may be an 
infeasible solution, and the Evolutionary Solver attempts to "repair" such a solution to 
make it feasible; this is sometimes, but not always, successful (Frontline Systems, 2011). 
Mutation helps the Evolutionary Solver from becoming stuck at a locally optimal solution 
and presents the possibility of improving upon the “best” solution currently in the 
population.   
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The mutation rate is the probability that some member of the population will be 
mutated to create a new trial solution (which becomes a candidate for inclusion in the 
population, depending on its fitness) during each “generation” or sub-problem considered 
by the evolutionary algorithm (Frontline Systems, 2011). For the purposes of this 
research, the maximum mutation rate setting was used on all runs. By setting the 
mutation rate value to 1.0, it was ensured that some member of the population would be 
mutated during each generation. A value of 0.1 would have resulted in a 10.0 percent 
chance of mutation during any generation.   The maximum mutation rate was chosen 
based on observations of pilot tests, which revealed that the Evolutionary Solver was 
converging on better answers at a faster rate with the mutation rate maximized. 
3.8.3.1.3 Random seed. 
Random seeding of the population interjects indiscriminately generated answers 
into the population during different generations.  The use of a random seed function helps 
to prevent the Evolutionary Solver from becoming trapped at a local optimum and has the 
potential to improve candidate solutions by introducing the search algorithm to new 
search areas.  In the case of this research, the random seed function was turned on. In 
pilot tests where all other variables were kept static, trial runs that made use of random 
seeding outperformed those that did not.   
3.8.3.1.4 Maximum sub-problems. 
Limiting the maximum number of sub-problems that would be explored on each 
run of the Evolutionary Solver allowed for “apples to apples” comparisons between the 
solutions generated by the holistic model and the solutions generated by individual 
component models.  In the Evolutionary Solver, a sub-problem consists of a possible 
mutation step, a crossover step, an optional local search in the vicinity of a newly 
discovered “best” point, and a selection step where a relatively “unfit” member of the 
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population is eliminated (Frontline Systems, 2011).  Pilot tests revealed that for each of 
the objective functions, the Evolutionary Solver would converge on “good” answers prior 
to 250,000 sub-problems.  Very little improvement was ever observed beyond 250,000 
generations and the time-benefit tradeoff, in terms of improved solutions, was not 
deemed to be a worthwhile undertaking. The lack of improvement beyond 250,000 sub-
problems was most likely due to the Evolutionary Solver becoming trapped at a local 
optima.  Thus, for each run of each model (holistic, roads, sewer, and water), 250,000 
sub-problems were explored.    
3.8.4 Pre-processing of solutions. 
During initial testing of the methodology, it was discovered that the search for 
optimal solutions could be conducted more efficiently by pre-processing the models in 
order to reduce the search space of each objective function.  The search space was 
reduced by enforcing two constraints prior to any optimization run.  The two constraints 
that were enforced during pre-processing were the constraints identified in Equation 3.11 
and Equation 3.12.  Equation 3.11 states that any segment can only receive one planned 
asset management activity in a five year period, while Equation 3.12 states that no 
segment with a condition rating below 50 will be considered for prescribed maintenance, 
renewal, or rehabilitation. By not allowing the model to test answers that violate either 
constraint, the search space was greatly reduced and did not require the Evolutionary 
Solver to learn which solutions violated the two constraints by testing infeasible answers.  
The remaining constraints were not used in pre-processing. This is due to the 
nature of the constraints.  The budgetary constraint identified in Equation 3.7 was not 
pre-processed because the determination of whether or not the constraint has been 
violated depends on the answer selections for each decision variable in the solution. 
Attempting to pre-process such answers would be inefficient compared to allowing the 
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Evolutionary solver to learn which solutions violate the budget constraint. The nature of 
the integer constraint identified in Equation 3.10 precluded the constraint from being 
included in the pre-processing. 
In the end, pre-processing each model to eliminate easily identifiable infeasible 
solutions drastically reduced the search space.  The final search spaces that would be 
investigated using the methodology outlined in this chapter can be seen in Table 3.11. 
Table 3.11 
Objective function search spaces post pre-processing. 
 
3.9 Summary of Methodology 
 The methodology outlined in this chapter involved the creation of four objective 
functions that would be tested for optimal answers using the Evolutionary Solver that is 
part of the Premium Solver Platform.  Individual component objective functions were 
designed to minimize the average component score over a five year planning horizon by 
prescribing a maintenance, rehab and renewal actions for ROW assets. These objective 
functions were created for a section of a road, a sewer, and a water network that were all 
collocated in Tucson, Arizona. A holistic function that was designed to minimize the 
average component score for all three components by taking advantage of cost savings 
that can be achieved by synchronizing collocated projects from different components was 
also created.  The holistic function was designed be tested against the three individual 
functions and show that by considering all three networks simultaneously, more effective 
Number of Possible Answers 
in Original Search Space
Number of Possible Answers 
Pre-Processed Search Space
Holistic 1.6e + 352 1.3e + 89
Road 2.5e + 117 5.2e + 33
Sewer 2.5e + 117 5.0e + 27
Water 2.5e + 117 5.0e + 27
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planning for the maintenance, rehabilitation and renewal of ROW infrastructure can be 
achieved. 
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Chapter 4 
TESTING AND RESULTS 
4.1 Testing 
In the testing of the hypothesis, the holistic objective function was tested against 
the individual functions across the same parameters and budget constraints.  Even though 
the search space for the holistic objective function was much larger than the individual 
objective functions, the hypothesis maintains that the savings achieved when projects 
from different components are synchronized allows the evolutionary algorithm to 
overcome the disadvantageous search space size and discover higher performing 
solutions for the holistic objective function.   
Due to the nature of heuristic search methods, such as the Evolutionary Solver 
that was employed for this research, a data set would need to be generated for each model 
at each budget in order to test the ability of the holistic model to outperform the 
individual models. 
4.1.1 Budget Parameters 
 The four models (holistic, roads, sewer, and water) were tested across three 
different yearly budget scenarios. The budget scenarios will be referred to as low, 
medium, and high.  Within these scenarios, each different component was assigned a 
yearly budget comprised of funds that would be made available in a given year. As was 
noted in the methodology and because this research is for planning, unused dollars could 
be rolled over to subsequent years.   
The low budgets for each component were established so that the most expensive 
rehab and renewal projects could not be undertaken without making use of one of the two 
following situations: (1) taking advantage of the savings achieved through the 
synchronization of projects or (2) planning for the rolling over of funds from one year to 
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another.  This would allow for the testing of the models’ ability to identify a plan that 
would allow for expensive actions to be undertaken for highly critical segments that have 
a large impact on the component score. The low budgets for each component can be seen 
in Table 4.1. 
Table 4.1 
Yearly budget levels by component. 
 
The medium level budget that the models were tested on was designed so that no 
more than a single action at the top end of the price range could be undertaken in a given 
year without the savings achieved through the synchronization of projects or the rolling 
over of funds.  The medium yearly budgets for each component can be seen in Table 4.1.  
For the high budgets, between two and three expensive actions could be 
undertaken in a given year without the savings achieved through the synchronization of 
projects or the rolling over of funds. This was done in order to see if the holistic model 
would be able to generate better solutions even when budget constraints were very 
lenient. The high yearly budgets for each component can be seen in Table 4.1. 
Due to the higher costs associated with road construction, the budgets for the 
road component within the model are slightly higher than the budgets for the water and 
sewer components.  Expenditures on roads, sewer, and water systems will vary from 
municipality to municipality; but in general, roads expenditures for maintenance rehab 
and renewal will typically exceed water and sewer expenditures.  Thus, the budgets 
reflect the general practice of a municipality designating more money for road asset 
management activities.  
Roads Sewer Water
Low $100,000 $75,000 $75,000
Medium $200,000 150,000$ 150,000$ 
High $400,000 300,000$ 300,000$ 
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4.1.2 Number of Runs at Each Budget 
Twenty optimization runs were conducted for each budget for each model in 
order to generate a data set with a sample size that would adequately allow for the 
identification of trends for the performance of each model, the comparison of solutions, 
and the testing of the hypothesis. Generating a large enough sample size to establish 
reliable confidence intervals for the data set of solutions at each budget for each model is 
not plausible due to the number of possible solutions and the amount of time that each 
optimization run required to proceed through 250,000 sub-problems. It would take years 
to generate an appropriate sample size to conduct reliable confidence intervals for the 
results generated at each budget by the models. Thus, using statistical analysis to validate 
the results of evolutionary algorithms is not a common practice. 
4.2 Results 
 Overall, the results returned from the optimization runs were better for the 
holistic model across all three budget levels.  For each budget tested, the best solution 
provided by the holistic model was better (in terms of ability to minimize the combined 
component score from all three ROW networks) than the combined component score 
from the top performing solutions from the individual models. The average results 
returned by the holistic model were also better than the average results returned by the 
individual models. The results section will be broken down into three separate 
subsections: (1) low budget results, (2) medium budget results, and (3) high budget 
results. The generated integer solutions from the top performing road, sewer, water, and 
holistic model can be seen in Appendix A. The generated integer solutions identify the 
action taken at each segment during each year in the planning horizon.  
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4.2.1 Summary of Low Budget Results 
  The results retuned by the holistic model for the optimization runs conducted at 
the low budget were favorable when compared to the results returned by the individual 
models.  In this summary of results, the results from the individual and holistic models 
for each ROW component will be discussed separately.  The separate ROW component 
discussions will be followed by a discussion of the combined results, in which the best 
performing solutions will be compared. 
 4.2.1.1 Low budget road results. 
 The results from the 20 optimization runs conducted at a low budget for the 
individual model designed to minimize the component score (CS) of the road network are 
shown in Table 4.2. Table 4.3 contains the results from the holistic model optimizations 
conducted at the same budget. The results in both tables appear in the order in which they 
were generated.  The component score from each run prior to the optimization is listed in 
the column titled CS Original Value.  The post optimization component score for each 
run is listed in the column titled CS Final Value. 
From Tables 4.2 and 4.3 it can be seen that the average solution from the holistic 
model reduced the component score for the road network to 3,184,399, whereas the 
average solution from the individual road model was 3,302,778.  When comparing the 
average solutions there was a 3.65 percent difference between the averages, with the 
holistic model performing better.  Additionally, the holistic model was able to achieve the 
lower average component score while also averaging a lesser amount of planned 
expenditures during the five year horizon.  
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Table 4.2 
Individual road model results (low budget). 
 
 
 
 
 
 
 
 
 
 
 Run CS Original Value CS Final Value Planned Cost
1 4,657,634 3,377,924 $493,500
2 4,657,634 3,177,263 $497,500
3 4,657,634 3,194,853 $498,000
4 4,657,634 3,286,557 $500,000
5 4,657,634 3,294,517 $500,000
6 4,657,634 3,372,497 $493,500
7 4,657,634 3,186,563 $498,000
8 4,657,634 3,280,107 $500,000
9 4,657,634 3,303,665 $494,000
10 4,657,634 3,290,793 $500,000
11 4,657,634 3,247,096 $497,000
12 4,657,634 3,316,164 $497,000
13 4,657,634 3,352,640 $498,000
14 4,657,634 3,177,360 $497,500
15 4,657,634 3,265,134 $493,500
16 4,657,634 3,521,938 $497,000
17 4,657,634 3,391,920 $461,000
18 4,657,634 3,175,876 $497,500
19 4,657,634 3,363,050 $500,000
20 4,657,634 3,479,640 $494,500
3,302,778 $495,375Average Solution:
Individual Roads
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Table 4.3 
Holistic mode - road results (low budget). 
 
 4.2.1.2 Low budget sewer results. 
 The results from the 20 optimization runs conducted at a low budget for the 
individual model designed to minimize the component score of the sewer network are 
shown in Table 4.4. Table 4.5 contains the results for the sewer network from the holistic 
model optimizations conducted with the same constraints. The results in both tables 
appear in the order in which they were generated.  The component score from each run 
prior to the optimization is listed in the column titled CS Original Value.  The post 
optimization component score for each run is listed in the column titled CS Final Value. 
 
 Run CS Original Value CS Final Value Planned Cost
1 4,657,634 3,236,781 $486,000
2 4,657,634 3,174,269 $499,500
3 4,657,634 3,220,059 $492,000
4 4,657,634 3,173,744 $496,500
5 4,657,634 3,495,507 $496,500
6 4,657,634 3,010,801 $499,500
7 4,657,634 3,131,988 $498,000
8 4,657,634 3,090,264 $495,000
9 4,657,634 3,216,869 $499,500
10 4,657,634 3,204,329 $496,000
11 4,657,634 3,259,815 $498,500
12 4,657,634 3,230,423 $495,500
13 4,657,634 3,030,564 $497,500
14 4,657,634 3,243,420 $486,000
15 4,657,634 3,016,483 $499,500
16 4,657,634 3,029,133 $499,500
17 4,657,634 3,349,270 $467,500
18 4,657,634 3,115,916 $493,500
19 4,657,634 3,357,800 $499,500
20 4,657,634 3,100,552 $499,500
3,184,399 $494,750Average Solution:
Holistic Roads
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Table 4.4 
Individual sewer model results (low budget). 
 
From Table 4.5 it can be seen that the average component score for the sewer 
network from the holistic model was 1,901,852. Table 4.4 shows that the average 
component score for the individual sewer model after 20 optimization runs was 
1,953,542.  As was observed for the road network optimizations, the average solution 
from the holistic model generated a better component score for the sewer network than 
the average solution from the individual sewer model. When comparing the holistic and 
individual averages from the low budget optimizations for the sewer network, the holistic 
model performed better, generating a 2.70 percent difference between the two values. 
 Run CS Original Value CS Final Value Planned Cost
1 2,949,588 1,958,158 $375,000
2 2,949,588 1,909,486 $372,500
3 2,949,588 1,944,349 $355,000
4 2,949,588 1,948,799 $372,500
5 2,949,588 1,977,512 $375,000
6 2,949,588 1,953,610 $372,500
7 2,949,588 1,898,778 $372,500
8 2,949,588 1,942,874 $367,500
9 2,949,588 1,871,373 $372,500
10 2,949,588 1,976,889 $372,500
11 2,949,588 1,956,946 $375,000
12 2,949,588 1,963,005 $372,500
13 2,949,588 2,058,492 $375,000
14 2,949,588 2,025,370 $375,000
15 2,949,588 2,005,054 $367,500
16 2,949,588 2,023,612 $342,500
17 2,949,588 1,887,643 $372,500
18 2,949,588 1,977,741 $372,500
19 2,949,588 1,935,587 $370,000
20 2,949,588 1,863,562 $372,500
1,953,942 $370,125
Individual Sewer
Average Solution:
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Again, the a holistic model was able to achieve the lower average component score while 
also averaging a lesser amount of planned expenditures during the five year horizon. 
Table 4.5 
Holistic model - sewer results (low budget). 
 
4.2.1.3 Low budget water results. 
 The results from the 20 optimization runs conducted at a low budget for the 
individual model designed to minimize the component score of the water network are 
shown in Table 4.6. Table 4.7 contains the results for the water network from the holistic 
model optimizations conducted at the same budget. The results in both tables appear in 
the order in which they were generated.  The component score from each run prior to the 
 Run CS Original Value CS Final Value Planned Cost
1 2,949,588 1,959,122 $374,250
2 2,949,588 1,793,018 $372,000
3 2,949,588 1,841,003 $367,000
4 2,949,588 1,931,318 $371,000
5 2,949,588 1,933,105 $359,500
6 2,949,588 1,889,080 $373,500
7 2,949,588 1,905,519 $373,000
8 2,949,588 1,998,359 $374,500
9 2,949,588 1,957,442 $372,500
10 2,949,588 1,859,280 $372,500
11 2,949,588 1,923,513 $375,000
12 2,949,588 1,840,058 $370,250
13 2,949,588 1,989,016 $371,000
14 2,949,588 1,977,966 $321,250
15 2,949,588 1,847,620 $374,000
16 2,949,588 1,878,798 $366,000
17 2,949,588 1,893,120 $363,500
18 2,949,588 1,859,182 $371,500
19 2,949,588 1,902,050 $373,000
20 2,949,588 1,858,462 $374,000
1,901,852 $368,463
Holistic Sewer
Average Solution:
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optimization is listed in the column titled CS Original Value.  The post optimization 
component score for each run is listed in the column titled CS Final Value. 
Table 4.6 
Individual water model results (low budget). 
 
From Table 4.7 it can be seen that the average component score for the water 
network from the holistic model was 1,816,558. Table 4.6 shows that the average 
component score for the individual water model after 20 optimization runs was 
1,865,068.  As was observed in the road network and sewer network optimizations, the 
average solution from the holistic model generated a better component score for the water 
network than the average solution from individual water model. When comparing the two 
averages (individual vs. holistic) from the low budget optimizations for the water 
 Run CS Original Value CS Final Value Planned Cost
1 3,278,252 1,811,576 $360,000
2 3,278,252 1,815,837 $372,500
3 3,278,252 1,787,104 $372,500
4 3,278,252 1,825,022 $375,000
5 3,278,252 1,827,301 $372,500
6 3,278,252 1,958,834 $375,000
7 3,278,252 1,833,183 $375,000
8 3,278,252 1,886,070 $375,000
9 3,278,252 1,900,290 $300,000
10 3,278,252 2,023,558 $375,000
11 3,278,252 1,868,985 $372,500
12 3,278,252 1,855,245 $372,500
13 3,278,252 1,975,110 $302,500
14 3,278,252 1,891,816 $375,000
15 3,278,252 1,814,286 $372,500
16 3,278,252 1,880,904 $372,500
17 3,278,252 1,856,904 $372,500
18 3,278,252 1,865,435 $362,500
19 3,278,252 1,815,506 $375,000
20 3,278,252 1,808,403 $372,500
1,865,068 $365,125
Individual Water
Average Solution:
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network, the holistic model achieved a 2.64 percent better average solution in terms of 
percent difference. As with the road and sewer components, the holistic model was able 
to achieve the lower average component score for the water network while also averaging 
a lesser amount of planned expenditures during the five year horizon. 
Table 4.7 
Holistic model – water results (low budget). 
 
4.2.1.4 Low budget combined component scores. 
In comparing the ability of the holistic model to generate better overall solutions 
than the individual models, it is important to examine best solutions generated by each 
model.  In the traditional paradigm, where individual utility departments develop asset 
management plans without consideration for other ROW infrastructure components, 
 Run CS Original Value CS Final Value Planned Cost
1 3,278,252 1,808,483 $352,500
2 3,278,252 1,849,627 $374,000
3 3,278,252 1,831,554 $332,500
4 3,278,252 1,901,474 $373,000
5 3,278,252 1,783,098 $362,500
6 3,278,252 1,841,724 $372,500
7 3,278,252 1,796,261 $373,000
8 3,278,252 1,729,520 $374,250
9 3,278,252 1,797,894 $368,500
10 3,278,252 1,828,054 $372,500
11 3,278,252 1,783,922 $318,000
12 3,278,252 1,772,773 $370,500
13 3,278,252 1,991,751 $371,000
14 3,278,252 1,773,585 $367,500
15 3,278,252 1,808,649 $372,000
16 3,278,252 1,765,536 $371,000
17 3,278,252 1,848,965 $269,500
18 3,278,252 1,798,601 $374,500
19 3,278,252 1,846,302 $375,000
20 3,278,252 1,773,378 $373,500
1,816,558 $360,888Average Solution:
Holistic Water
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planners would simply utilize the best identified solution from the corresponding 
individual model to build there five year maintenance, rehabilitation, and renewal plan.  
Based on this paradigm, the best solutions from the individual models were combined to 
create a combined component score that represents the best solution from the individual 
models. That combined component score can then be compared to the holistic model 
whose objective function was designed to minimize the combined component scores 
from the three networks.   
The run number and components scores from the best solutions generated by the 
individual models can be seen in Table 4.8.  Also shown in Table 4.8 is the combined 
total score of the best performing solutions from the individual models. Table 4.9 shows 
the run number, component scores, and combined total of the component scores from the 
optimization runs of the holistic model that outperformed the best combined component 
score total from the individual models. 
Table 4.8 
Combined CS total from top performing individual models (low budget). 
 
Table 4.9 
Holistic solutions outperforming the best combined individual model solution (low 
budget). 
 
 Run CS Final Value  Run CS Final Value  Run CS Final Value
18 3,175,876 20 1,863,562 3 1,787,104 6,826,542
SewerRoads Water Combined 
Total
Roads Sewer Water
 Run CS Final Value CS Final Value CS Final Value
2 3,174,269 1,793,018 1,849,627 6,816,914
6 3,010,801 1,889,080 1,841,724 6,741,605
7 3,131,988 1,905,519 1,796,261 6,833,768
8 3,090,264 1,998,359 1,729,520 6,818,143
15 3,016,483 1,847,620 1,808,649 6,672,752
16 3,029,133 1,878,798 1,765,536 6,673,466
18 3,115,916 1,859,182 1,798,601 6,773,699
Combined 
Total
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 In all, seven solutions out of 20 that were generated by the holistic model 
outperformed the best combined solution from the individual models.  The combined 
component score from the top performing holistic solution, run 15, was 2.28 percent 
better than the best solution form the individual models in terms of percent difference. 
4.2.2 Summary of Medium Budget Results 
  The results returned by the holistic model for the optimization runs conducted at 
the medium budget level were favorable when compared to the results returned by the 
individual models.  In this summary of results, the results from the individual and holistic 
models for each ROW component will be discussed.  The discussions of each separate 
ROW component will be followed by a discussion of the entire ROW network, in which 
the best performing solution from the individual models will be compared with the best 
performing solution from the holistic model. 
 4.2.2.1 Medium budget road results. 
 The results from the 20 optimization runs conducted at a medium budget for the 
individual model designed to minimize the component score of the road network are 
shown in Table 4.10. Table 4.11 contains the results from the holistic model 
optimizations conducted at the same budget. The results in both tables appear in the order 
in which they were generated.  The component score from each run prior to the 
optimization is listed in the column titled CS Original Value.  The post optimization 
component score for each run is listed in the column titled CS Final Value. 
From Tables 4.10 and 4.11 it can be seen that the average solution from the 
holistic model reduced the component score for the road network to 2,085,945, which is 
less than the average solution from the individual road model which was 2,352,693.  
When comparing the average solutions there was a 12.02 percent difference between the 
averages, with the holistic model performing better.  Additionally, the a holistic model 
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was able to achieve the lower average component score for the road network while also 
averaging a lesser amount of planned expenditures during the five year horizon.  
Table 4.10 
Individual road model results (medium budget). 
 
 
 
 
 
 
 
 
 Run CS Original Value CS Final Value Planned Cost
1 4,657,634 2,383,944 $997,500
2 4,657,634 2,322,527 $995,500
3 4,657,634 2,242,309 $998,000
4 4,657,634 2,392,747 $994,500
5 4,657,634 2,416,105 $997,000
6 4,657,634 2,455,650 $999,000
7 4,657,634 2,330,959 $985,500
8 4,657,634 2,430,517 $990,500
9 4,657,634 2,424,297 $998,500
10 4,657,634 2,250,450 $996,000
11 4,657,634 2,341,272 $993,000
12 4,657,634 2,325,714 $993,000
13 4,657,634 2,392,006 $993,000
14 4,657,634 2,329,264 $993,000
15 4,657,634 2,341,624 $993,000
16 4,657,634 2,286,054 $994,000
17 4,657,634 2,435,989 $995,500
18 4,657,634 2,242,774 $996,500
19 4,657,634 2,277,140 $995,000
20 4,657,634 2,432,515 $995,500
2,352,693 $994,675
Individual Roads
Average Solution:
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Table 4.11 
Holistic mode - road results (medium budget). 
 
  
4.2.2.2 Medium budget sewer results. 
 The results from the 20 optimization runs conducted at a medium budget for the 
individual model designed to minimize the component score of the sewer network are 
shown in Table 4.12. Table 4.13 contains the results for the sewer network from the 
holistic model optimizations conducted with the same budget constraints. The results in 
both tables appear in the order in which they were generated.  The component score from 
 Run CS Original Value CS Final Value Planned Cost
1 4,657,634 1,957,412 $989,000
2 4,657,634 2,166,062 $994,500
3 4,657,634 2,217,593 $997,500
4 4,657,634 1,943,681 $995,000
5 4,657,634 2,336,129 $988,000
6 4,657,634 1,933,995 $978,500
7 4,657,634 2,199,632 $999,000
8 4,657,634 2,051,223 $998,500
9 4,657,634 1,989,945 $994,500
10 4,657,634 2,047,927 $1,000,000
11 4,657,634 2,048,614 $993,500
12 4,657,634 2,006,345 $995,500
13 4,657,634 2,204,402 $994,500
14 4,657,634 2,079,154 $993,000
15 4,657,634 2,065,179 $998,000
16 4,657,634 2,106,652 $994,500
17 4,657,634 2,238,699 $991,500
18 4,657,634 2,081,000 $999,000
19 4,657,634 1,862,414 $994,500
20 4,657,634 2,182,849 $995,500
2,085,945 $994,200
Holistic Roads
Average Solution:
  88 
each run prior to the optimization is listed in the column titled CS Original Value.  The 
post optimization component score for each run is listed in the column titled CS Final 
Value. 
Table 4.12 
Individual sewer model results (medium budget). 
 
From Table 4.13 it can be seen that the average component score for the sewer 
network from the holistic model was 1,243,261. With a value of 1,261,770 (see Table 
4.12), the average component score for the individual sewer model after 20 optimization 
runs was larger than the average from the holistic model.  As was observed for the road 
network optimizations, the average solution from the holistic model generated a better 
component score for the sewer network than the average solution from individual sewer 
 Run CS Original Value CS Final Value Planned Cost
1 2,949,588 1,279,216 $750,000
2 2,949,588 1,302,237 $712,500
3 2,949,588 1,244,101 $745,000
4 2,949,588 1,240,301 $747,500
5 2,949,588 1,331,176 $750,000
6 2,949,588 1,261,071 $750,000
7 2,949,588 1,240,096 $750,000
8 2,949,588 1,210,420 $750,000
9 2,949,588 1,233,344 $747,500
10 2,949,588 1,314,908 $750,000
11 2,949,588 1,266,345 $750,000
12 2,949,588 1,257,948 $750,000
13 2,949,588 1,281,724 $740,000
14 2,949,588 1,289,909 $747,500
15 2,949,588 1,282,562 $750,000
16 2,949,588 1,260,900 $750,000
17 2,949,588 1,207,777 $747,500
18 2,949,588 1,257,357 $750,000
19 2,949,588 1,217,882 $715,000
20 2,949,588 1,256,126 $740,000
1,261,770 $744,625
Individual Sewer
Average Solution:
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model. When comparing the holistic and individual averages from the medium budget 
optimizations for the sewer network, the holistic model performed better, generating a 
1.48 percent difference between the two values. Again, the holistic model was able to 
achieve the lower average component score while also averaging a lesser amount of 
planned expenditures during the five year horizon. 
Table 4.13 
Holistic model - sewer results (medium budget). 
 
 
4.2.2.3 Medium budget water results. 
 The results from the 20 optimization runs conducted at a medium budget for the 
individual model designed to minimize the component score of the water network are 
 Run CS Original Value CS Final Value Planned Cost
1 2,949,588 1,310,839 $691,000
2 2,949,588 1,139,067 $747,000
3 2,949,588 1,265,669 $749,750
4 2,949,588 1,120,146 $732,500
5 2,949,588 1,222,276 $748,000
6 2,949,588 1,418,662 $733,000
7 2,949,588 1,194,596 $742,250
8 2,949,588 1,308,631 $749,000
9 2,949,588 1,318,316 $730,500
10 2,949,588 1,357,069 $743,250
11 2,949,588 1,172,937 $747,750
12 2,949,588 1,188,498 $744,750
13 2,949,588 1,298,502 $737,500
14 2,949,588 1,214,250 $723,500
15 2,949,588 1,246,082 $746,000
16 2,949,588 1,283,457 $746,500
17 2,949,588 1,138,690 $723,750
18 2,949,588 1,231,751 $746,250
19 2,949,588 1,116,571 $748,250
20 2,949,588 1,319,207 $748,500
1,243,261 $738,950
Holistic Sewer
Average Solution:
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shown in Table 4.14. Table 4.15 contains the results for the water network from the 
holistic model optimizations conducted at the same budget. The results in both tables 
appear in the order in which they were generated.  The component score from each run 
prior to the optimization is listed in the column titled CS Original Value.  The post 
optimization component score for each run is listed in the column titled CS Final Value. 
Table 4.14 
Individual water model results (medium budget). 
 
From Tables 4.14 and 4.15 it can be seen that the average component score for 
the water network from the holistic model was 1,816,558, which is less than the average 
component score for the individual water model at 1,865,068.  As was observed in the 
road network and sewer network optimizations, the average solution from the holistic 
 Run CS Original Value CS Final Value Planned Cost
1 3,278,252 1,272,596 $745,000
2 3,278,252 1,183,686 $747,500
3 3,278,252 1,195,794 $745,000
4 3,278,252 1,196,394 $747,500
5 3,278,252 1,358,974 $747,500
6 3,278,252 1,176,639 $747,500
7 3,278,252 1,170,971 $747,500
8 3,278,252 1,200,111 $747,500
9 3,278,252 1,216,520 $747,500
10 3,278,252 1,304,002 $747,500
11 3,278,252 1,249,362 $750,000
12 3,278,252 1,233,454 $745,000
13 3,278,252 1,267,037 $747,500
14 3,278,252 1,162,652 $747,500
15 3,278,252 1,170,910 $747,500
16 3,278,252 1,232,393 $750,000
17 3,278,252 1,183,389 $747,500
18 3,278,252 1,168,884 $750,000
19 3,278,252 1,167,254 $747,500
20 3,278,252 1,163,430 $747,500
1,213,723 $747,500
Individual Water
Average Solution:
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model generated a better component score for the water network than the average 
solution from individual water model. When comparing the two averages (individual vs. 
holistic) from the medium budget optimizations for the water network, the holistic model 
achieved a 5.55 percent better average solution in terms of percent difference. As with the 
road and sewer components, the holistic model was able to achieve the lower average 
component score for the water network while also averaging a lesser amount of planned 
expenditures during the five year horizon. 
Table 4.15 
Holistic model – water results (medium budget). 
 
 
 
 Run CS Original Value CS Final Value Planned Cost
1 3,278,252 1,282,203 $696,250
2 3,278,252 1,181,535 $743,250
3 3,278,252 1,163,205 $749,000
4 3,278,252 1,104,331 $747,500
5 3,278,252 1,149,564 $740,250
6 3,278,252 1,215,468 $738,500
7 3,278,252 1,194,440 $747,750
8 3,278,252 1,086,196 $746,250
9 3,278,252 1,081,092 $729,250
10 3,278,252 1,165,517 $750,000
11 3,278,252 1,174,712 $747,000
12 3,278,252 1,175,473 $747,750
13 3,278,252 1,132,987 $744,500
14 3,278,252 1,131,602 $747,750
15 3,278,252 1,125,498 $745,500
16 3,278,252 1,136,548 $747,250
17 3,278,252 1,072,358 $635,000
18 3,278,252 1,088,163 $749,000
19 3,278,252 1,184,615 $743,500
20 3,278,252 1,118,986 $730,500
1,148,225 $736,288Average Solution:
Holistic Water
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4.2.2.4 Medium budget combined component scores. 
As was done for the results of the low budget results, the best medium budget 
results from the individual models were combined to generate an overall combined 
component score that mimics the traditional decision making paradigm. That combined 
component score can then be compared to the holistic model whose objective function 
was designed to minimize the combined component scores from the three networks.   
The run number and component scores from the best solutions at the medium 
budget that were generated by the individual models can be seen in Table 4.16.  Also 
shown in Table 4.16 is the combined total score of the best performing solutions from the 
individual models. Table 4.17 shows the run number, component scores, and combined 
total of the component scores from the optimization runs of the holistic model that 
outperformed the best combined component score total from the individual models. 
Table 4.16 
Combined CS total from top performing individual models (medium budget). 
 
In all, 16 solutions out of 20 that were generated by the holistic model 
outperformed the best combined solution from the individual models.  With an average 
combined component score of 4,512,242 for all 20 runs, the average combined 
component score generated by the holistic model outperformed the best combined 
solution from the individual models which returned a combined component score of 
4,612,738.  The combined component score from the top performing holistic solution 
(run 19) was 10.24 percent better than the best solution form the individual models in 
terms of percent difference. 
 
 Run CS Final Value  Run CS Final Value  Run CS Final Value
3 2,242,309 17 1,207,777 14 1,162,652 4,612,738
Roads Sewer Water Combined 
Total
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Table 4.17 
Holistic solutions outperforming the best combined individual model solution (medium 
budget). 
 
  
4.2.3 Summary of High Budget Results 
  The results retuned by the holistic model for the optimization runs conducted at 
the high budget level were favorable when compared to the results returned by the 
individual models.  In this summary of results, the results from the individual and holistic 
models for each ROW component will be discussed.  The discussions of each separate 
ROW component will be followed by a discussion of the entire ROW network, in which 
the best performing solution from the individual models will be compared with the best 
performing solution from the holistic model. 
 4.2.3.1 High budget road results. 
 The results from the 20 optimization runs conducted at the high budget for the 
individual model designed to minimize the component score of the road network are 
Roads Sewer Water
 Run CS Final Value CS Final Value CS Final Value
1 1,957,412 1,310,839 1,282,203 4,550,454
2 2,166,062 1,139,067 1,181,535 4,486,664
4 1,943,681 1,120,146 1,104,331 4,168,158
6 1,933,995 1,418,662 1,215,468 4,568,125
7 2,199,632 1,194,596 1,194,440 4,588,668
8 2,051,223 1,308,631 1,086,196 4,446,050
9 1,989,945 1,318,316 1,081,092 4,389,353
10 2,047,927 1,357,069 1,165,517 4,570,513
11 2,048,614 1,172,937 1,174,712 4,396,263
12 2,006,345 1,188,498 1,175,473 4,370,316
14 2,079,154 1,214,250 1,131,602 4,425,006
15 2,065,179 1,246,082 1,125,498 4,436,759
16 2,106,652 1,283,457 1,136,548 4,526,657
17 2,238,699 1,138,690 1,072,358 4,449,746
18 2,081,000 1,231,751 1,088,163 4,400,915
19 1,862,414 1,116,571 1,184,615 4,163,600
Combined 
Total
  94 
shown in Table 4.18. Table 4.19 contains the results from the holistic model 
optimizations conducted at the same budget. The results in both tables appear in the order 
in which they were generated.  The component score from each run prior to the 
optimization is listed in the column titled CS Original Value.  The post optimization 
component score for each run is listed in the column titled CS Final Value. 
Table 4.18 
Individual road model results (high budget). 
 
From Tables 4.18 and 4.19 it can be seen that the average solution from the 
holistic model reduced the component score for the road network to 1,104,337, which is 
less than the average solution from the individual road model, which was 1,278,474.  
When comparing the average solutions, there was a 14.62 percent difference between the 
 Run CS Original Value CS Final Value Planned Cost
1 4,657,634 1,303,959 $1,993,000
2 4,657,634 1,294,995 $2,000,000
3 4,657,634 1,270,131 $2,000,000
4 4,657,634 1,356,081 $2,000,000
5 4,657,634 1,304,304 $1,993,000
6 4,657,634 1,254,798 $1,992,500
7 4,657,634 1,185,103 $1,990,000
8 4,657,634 1,368,970 $1,975,500
9 4,657,634 1,286,107 $1,950,500
10 4,657,634 1,239,362 $1,995,000
11 4,657,634 1,229,370 $1,999,000
12 4,657,634 1,253,844 $1,977,500
13 4,657,634 1,215,043 $1,995,500
14 4,657,634 1,462,320 $1,995,500
15 4,657,634 1,219,433 $1,997,500
16 4,657,634 1,214,156 $1,997,500
17 4,657,634 1,233,696 $2,000,000
18 4,657,634 1,421,038 $1,995,500
19 4,657,634 1,188,633 $2,000,000
20 4,657,634 1,268,129 $2,000,000
1,278,474 $1,992,375
Individual Roads
Average Solution:
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averages, with the holistic model performing better.  Additionally, the holistic model was 
able to achieve the lower average component score for the road network while also 
averaging a lesser amount of planned expenditures during the five year horizon.  
Table 4.19 
Holistic mode - road results (high budget). 
 
   
4.2.3.2 High budget sewer results. 
 The results from the 20 optimization runs conducted at the high budget for the 
individual model designed to minimize the component score of the sewer network are 
shown in Table 4.20. Table 4.21 contains the results for the sewer network from the 
holistic model optimizations conducted with the same budget constraints. The results in 
 Run CS Original Value CS Final Value Planned Cost
1 4,657,634 1,034,232 $1,985,500
2 4,657,634 1,143,625 $1,994,500
3 4,657,634 1,171,294 $1,947,000
4 4,657,634 1,172,473 $1,971,000
5 4,657,634 963,117 $1,996,000
6 4,657,634 1,052,735 $1,996,500
7 4,657,634 1,303,413 $1,941,500
8 4,657,634 1,263,237 $1,996,000
9 4,657,634 1,078,188 $1,997,000
10 4,657,634 1,049,517 $1,996,000
11 4,657,634 1,238,859 $1,996,500
12 4,657,634 1,097,993 $1,979,000
13 4,657,634 967,325 $1,976,500
14 4,657,634 1,186,643 $1,991,500
15 4,657,634 1,149,637 $1,997,500
16 4,657,634 996,521 $1,999,500
17 4,657,634 996,029 $1,996,500
18 4,657,634 1,130,821 $1,984,500
19 4,657,634 997,968 $1,985,000
20 4,657,634 1,093,108 $1,983,000
1,104,337 $1,985,525
Holistic Roads
Average Solution:
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both tables appear in the order in which they were generated.  The component score from 
each run prior to the optimization is listed in the column titled CS Original Value.  The 
post optimization component score for each run is listed in the column titled CS Final 
Value. 
Table 4.20 
Individual sewer model results (high budget). 
 
From Table 4.21 it can be seen that the average component score for the sewer 
network from the holistic model was 629,191. With a value of 670,521 (see Table 4.20), 
the average component score for the individual sewer model after 20 optimization runs 
was larger than the average from the holistic model.  As was observed for the road 
network optimizations, the average solution from the holistic model generated a better 
 Run CS Original Value CS Final Value Planned Cost
1 2,949,588 658,833 $1,485,000
2 2,949,588 701,537 $1,395,000
3 2,949,588 626,071 $1,407,500
4 2,949,588 633,408 $1,252,500
5 2,949,588 635,805 $1,342,500
6 2,949,588 637,979 $1,395,000
7 2,949,588 696,031 $1,497,500
8 2,949,588 671,629 $1,490,000
9 2,949,588 689,901 $1,320,000
10 2,949,588 631,692 $1,407,500
11 2,949,588 655,769 $1,392,500
12 2,949,588 705,911 $1,497,500
13 2,949,588 690,153 $1,357,500
14 2,949,588 726,155 $1,497,500
15 2,949,588 706,540 $1,357,500
16 2,949,588 693,406 $1,500,000
17 2,949,588 699,103 $1,492,500
18 2,949,588 630,960 $1,342,500
19 2,949,588 653,732 $1,357,500
20 2,949,588 665,810 $1,357,500
670,521 $1,407,250
Individual Sewer
Average Solution:
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component score for the sewer network than the average solution from individual sewer 
model. When comparing the holistic and individual averages from the high budget 
optimizations for the sewer network, the holistic model performed better, generating a 
6.36 percent difference between the two values. Again, the a holistic model was able to 
achieve the lower average component score while also averaging a lesser amount of 
planned expenditures during the five year horizon. 
Table 4.21 
Holistic model - sewer results (high budget). 
 
From Table 4.21 it can be seen that the average component score for the sewer 
network from the holistic model was 629,191. With a value of 670,521 (see Table 4.20), 
the average component score for the individual sewer model after 20 optimization runs 
 Run CS Original Value CS Final Value Planned Cost
1 2,949,588 640,903 $1,287,500
2 2,949,588 527,971 $1,433,000
3 2,949,588 722,560 $1,233,500
4 2,949,588 596,735 $1,244,000
5 2,949,588 667,093 $1,378,000
6 2,949,588 635,513 $1,345,250
7 2,949,588 577,629 $1,229,500
8 2,949,588 641,709 $1,295,750
9 2,949,588 625,509 $1,302,250
10 2,949,588 560,206 $1,241,250
11 2,949,588 588,885 $1,278,000
12 2,949,588 626,169 $1,198,000
13 2,949,588 647,467 $1,385,250
14 2,949,588 597,815 $1,345,500
15 2,949,588 696,219 $1,293,750
16 2,949,588 649,689 $1,366,500
17 2,949,588 724,681 $1,430,000
18 2,949,588 609,358 $1,353,250
19 2,949,588 639,023 $1,352,500
20 2,949,588 608,693 $1,287,000
629,191 $1,313,988
Holistic Sewer
Average Solution:
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was larger than the average from the holistic model.  As was observed for the road 
network optimizations, the average solution from the holistic model generated a better 
component score for the sewer network than the average solution from individual sewer 
model. When comparing the holistic and individual averages from the high budget 
optimizations for the sewer network, the holistic model performed better, generating a 
6.36 percent difference between the two values. Again, the a holistic model was able to 
achieve the lower average component score while also averaging a lesser amount of 
planned expenditures during the five year horizon. 
4.2.3.3 High budget water results. 
 The results from the 20 optimization runs conducted at a high budget for the 
individual model designed to minimize the component score of the water network are 
shown in Table 4.22. Table 4.23 contains the results for the water network from the 
holistic model optimizations conducted at the same budget. The results in both tables 
appear in the order in which they were generated.  The component score from each run 
prior to the optimization is listed in the column titled CS Original Value.  The post 
optimization component score for each run is listed in the column titled CS Final Value. 
From Tables 4.22 and 4.23 it can be seen that the average component score for 
the water network from the holistic model was 701,719, which is less than the average 
component score returned by individual water model at 706,438.  As was observed in the 
road network and sewer network optimizations, the average solution from the holistic 
model generated a better component score for the water network than the average 
solution from individual water model. When comparing the two averages (individual vs. 
holistic) from the high budget optimizations for the water network, the holistic model 
achieved a 0.67 percent better average solution in terms of percent difference. As with the 
road and sewer components, the holistic model was able to achieve the lower average 
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component score for the water network while also averaging a lesser amount of planned 
expenditures during the five year horizon. 
Table 4.22 
Individual water model results (high budget). 
 
 
 
 
 
 
 
 
 Run CS Original Value CS Final Value Planned Cost
1 3,278,252 715,782 $1,162,500
2 3,278,252 689,192 $1,235,000
3 3,278,252 697,067 $1,227,500
4 3,278,252 702,297 $1,195,000
5 3,278,252 725,198 $1,195,000
6 3,278,252 766,919 $1,255,000
7 3,278,252 683,529 $1,192,500
8 3,278,252 684,135 $1,235,000
9 3,278,252 692,164 $1,192,500
10 3,278,252 694,601 $1,195,000
11 3,278,252 717,659 $1,192,500
12 3,278,252 695,151 $1,195,000
13 3,278,252 727,931 $1,237,500
14 3,278,252 702,617 $1,192,500
15 3,278,252 696,682 $1,195,000
16 3,278,252 682,506 $1,195,000
17 3,278,252 739,554 $1,195,000
18 3,278,252 688,915 $1,195,000
19 3,278,252 712,796 $1,192,500
20 3,278,252 714,073 $1,195,000
706,438 $1,203,500
Individual Water
Average Solution:
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Table 4.23 
Holistic model – water results (high budget). 
 
 
4.2.3.4 High budget combined component scores. 
As was done for the results of the low and medium budget results, the best high 
budget results from the individual models were combined to generate an overall 
combined component score that mimics the traditional decision making paradigm. That 
combined component score can then be compared to the holistic model, whose objective 
function was designed to minimize the combined component scores from the three ROW 
networks.   
 Run CS Original Value CS Final Value Planned Cost
1 3,278,252 741,332 $1,179,250
2 3,278,252 702,358 $1,117,250
3 3,278,252 685,678 $955,000
4 3,278,252 683,360 $1,172,250
5 3,278,252 708,786 $1,128,750
6 3,278,252 671,557 $1,153,500
7 3,278,252 791,711 $1,082,750
8 3,278,252 691,723 $1,121,250
9 3,278,252 642,469 $1,136,250
10 3,278,252 669,714 $1,122,000
11 3,278,252 710,382 $1,148,750
12 3,278,252 657,898 $1,146,000
13 3,278,252 646,271 $1,141,000
14 3,278,252 770,606 $1,113,750
15 3,278,252 703,940 $1,112,000
16 3,278,252 659,618 $1,139,000
17 3,278,252 685,877 $1,104,250
18 3,278,252 727,795 $1,161,750
19 3,278,252 739,870 $1,171,250
20 3,278,252 743,440 $1,082,000
701,719 $1,124,400Average Solution:
Holistic Water
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The run number and component scores from the best solutions at the medium 
budget that were generated by the individual models can be seen in Table 4.24.  Also 
shown in Table 4.24 is the combined total score of the best performing solutions from the 
individual models. Table 4.25 shows the run number, component scores, and combined 
total of the component scores from the optimization runs of the holistic model that 
outperformed the best combined component score total from the individual models. 
Table 4.24 
Combined CS total from top performing individual models (high budget). 
 
Table 4.25 
Holistic solutions outperforming the best combined individual model solution (high 
budget). 
 
 In all, 14 solutions out of 20 that were generated by the holistic model 
outperformed the best combined solutions from the individual models.  With an average 
combined component score of 2,435,247 for all 20 runs, the average combined 
 Run CS Final Value  Run CS Final Value  Run CS Final Value
7 1,185,103 3 626,071 16 682,506 2,493,680
Roads Sewer Water Combined 
Total
Roads Sewer Water
 Run CS Final Value CS Final Value CS Final Value
1 1,034,232 640,903 741,332 2,416,468
2 1,143,625 527,971 702,358 2,373,953
4 1,172,473 596,735 683,360 2,452,567
5 963,117 667,093 708,786 2,338,996
6 1,052,735 635,513 671,557 2,359,805
9 1,078,188 625,509 642,469 2,346,166
10 1,049,517 560,206 669,714 2,279,436
12 1,097,993 626,169 657,898 2,382,060
13 967,325 647,467 646,271 2,261,063
16 996,521 649,689 659,618 2,305,828
17 996,029 724,681 685,877 2,406,586
18 1,130,821 609,358 727,795 2,467,973
19 997,968 639,023 739,870 2,376,860
20 1,093,108 608,693 743,440 2,445,240
Combined 
Total
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component score generated by the holistic model outperformed the best combined 
solution from the individual models which returned a combined component score of 
2,493,680.  The combined component score from the top performing holistic solution 
(run 13) was 9.78 percent better than the best solution form the individual models in 
terms of percent difference. 
4.3 Summary of Results 
 The holistic model provided better performing average solutions in terms of 
component scores for all three ROW components across all three budgets tested.  The 
holistic model also provided the best overall solution in terms of ability to minimize the 
overall component score for all three budgets.  At the low budget level, seven of the 20 
optimization runs outperformed the best combined solution from the 20 optimization runs 
of the individual models.   At the medium budget level, 16 of the 20 optimization runs 
outperformed the best combined solution from the 20 optimization runs of the individual 
models.   Lastly, at the high budget level, 14 of the 20 optimization runs outperformed 
the best combined solution from the 20 optimization runs of the individual models.    
It is likely that the holistic model outperformed the best combined solution from 
the individual models fewer times under the low budget scenario than the other two 
scenarios because of the difficulties associated with a greater percentage of the solutions 
in the search space being infeasible because of budgetary constraints. In turn, this would 
make it more difficult to identify projects that could be synchronized successfully in 
order to generate savings that could be used for other maintenance, rehabilitation, or 
renewal actions.   
  A likely reason behind the holistic model providing fewer superior answers at 
the high budget when compared to the individual models than were provided from the 
medium budget scenario is that there were enough funds available without synchronizing 
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projects that the individual models were able to achieve good solutions without the 
benefit of synchronizing projects. 
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Chapter 5 
VALIDATION 
This chapter presents the verification and validation of the developed holistic 
ROW maintenance, rehabilitation, and renewal planning methodology presented in this 
research. Several criteria will be utilized and discussed to test the performance of the 
holistic model over individual component models and to validate the hypothesis that 
holistic planning achieves better results in terms of overall component score. Section 5.2 
describes the criteria that will be applied to validate the holistic method. Based on the 
criteria, validation that the holistic methodology provides higher performing results will 
be achieved.  
5.2 Criteria for Validation 
The criteria for verification and validation of the holistic model were established 
to test the performance of the holistic methodology in the planning of maintenance, 
rehabilitation, and renewal activities over a short term planning horizon. This research 
validated the holistic methodology by fulfilling the criteria. The criteria include the 
following questions: 
1. Is the average solution provided by the holistic model consistently superior to the 
average solution provided by the individual in terms of component score? 
2. Does the holistic model generate a near optimal and/or an optimal solution for 
the combined component score when compared to the best combined solution 
from the individual models? 
3. Does the holistic model provide solutions in which a greater number of 
substantial actions (rehabilitation or renewal) are prescribed when compared to 
the solutions of the individual models? 
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4. Does the holistic model generate monetary savings by synchronizing asset 
management activities on collocated segments from different ROW components? 
From the questions above, it can be seen that two approaches were used to 
validate the holistic methodology. The first approach was to show that the holistic model 
consistently outperforms the individual models.  This approach examines the average 
solutions, the best solution, and the ability to prescribe substantial actions across three 
different budget levels for the holistic and the individual models.   
The second approach shows that the holistic model is able to achieve cost 
savings, as hypothesized, on projects by synchronizing significant asset management 
activities (rehabilitation or renewal) for collocated segments from different ROW 
components.   
5.3 Validation I: Average Solutions - Holistic vs. Individual 
 In order to answer the question proposed in the first criterion developed to 
validate the performance of the holistic model, a two sample t-test was utilized to 
examine whether or not the holistic model consistently returns significantly lower results 
than the individual models for each different ROW component. The two sample t-tests 
were conducted using the population of 20 component scores generated by the individual 
models at a given budget and the corresponding 20 component scores generated by the 
holistic model at the same budget. 
A two sample t-test is a hypothesis test for two population means to determine 
whether they are significantly different.  The results of a two sample t-test determine 
whether the average difference between two groups is actually significant or if it is 
instead due to random chance. The two sample t-test procedure uses the null hypothesis 
that the difference between two population means is equal to a hypothesized value, and 
tests it. Rejection of the null hypothesis always leads to accepting the alternative 
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hypothesis (Montgomery and Runger, 2003). The null hypothesis (H0) stated that the 
mean component scores returned by the holistic model were equal to the mean 
component scores returned by the individual model. The alternative hypothesis (H1) 
stated that the mean component scores returned by the holistic model were less than the 
mean component scores returned by the individual model. The null and alternative 
hypotheses that were tested for each component at each budget were as follows: 
H0: μCSholistic - μCSindividual = 0 
H1: μCSholistic - μCSindividual < 0 
Each two sample t-test was conducted with a 95 percent confidence level using 
Minitab® Statistical Software. At a 95 percent confidence level, the alpha (α) will be 
0.05.  When used in hypothesis testing, alpha is the maximum acceptable level of risk for 
rejecting a true null hypothesis and is expressed as a probability ranging between 0 and 1. 
Alpha is frequently referred to as the level of significance. The output from a two sample 
t-test conducted in Minitab provides a P-value, which determines the appropriateness of 
rejecting the null hypothesis in a hypothesis test. In hypothesis testing, P-values range 
from 0 to 1. A smaller P-value indicates that there is a smaller probability that rejecting 
the null hypothesis is a mistake. If the P-value of a test statistic is less than or equal to the 
alpha, the null hypothesis is rejected. If the P-value is greater than the alpha, the null 
hypothesis is not rejected (Minitab Inc., 2010). Calculations and formulas used in a two 
sample t-test can be seen in Appendix B. 
In all, nine separate tests were conducted.  The two sample t-tests that were 
conducted were for the holistic and individual component scores from the following 
components and budget scenarios: roads - low budget, roads - medium budget, roads - 
high budget, sewer - low budget, sewer - medium budget, sewer - high budget, water - 
low budget, water - medium budget, and water - high budget.  
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5.3.1 Results of Two Sample T-Tests 
 The results of the two sample t-tests confirmed that in seven of the nine scenarios 
that were investigated the component scores returned by the holistic model were 
significantly less than the results returned by the individual models. The two scenarios 
where the two sample t-test results failed to establish that the average difference between 
the holistic and individual model was actually significant were for sewer - medium 
budget and water - high budget.  In both of these scenarios, the holistic model returned 
mean component score values that were on average less than the individual models.  
However, the t-tests could not confirm whether the difference was significant or due to 
random chance. The output from each scenario examined using the two sample t-test will 
be shown and discussed in the following sub-sections. 
 5.3.1.1 T-test for roads - low budget. 
 In the two sample t-test conducted on the component score populations returned 
by the holistic and individual models for the road network under the low budget scenario, 
the null hypothesis was rejected due to the P-value (0.001) being smaller than the alpha 
(0.05).  Thus, the alternative hypothesis was accepted and the lesser component scores 
generated by the holistic model are deemed to be significant and not due to random 
chance.  The Minitab output from the two sample t-test for the roads-low budget scenario 
is shown in Figure 5.1. An individual value plot showing the component scores generated 
by the holistic and individual models over the 20 optimization runs, as well as the mean 
of each population, for the roads - low budget scenario can be seen in Figure 5.2.   
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Figure 5.1. Two sample t-test results for roads - low budget. 
 
Figure 5.2. Individual value plot for roads - low budget scenario. 
5.3.1.2 T-test for roads - medium budget. 
 In the two sample t-test conducted on the component score populations returned 
by the holistic and individual models for the road network under the medium budget 
scenario, the null hypothesis was rejected due to the P-value (0.000) being smaller than 
the alpha (0.05).  Thus, the alternative hypothesis was accepted and the lesser component 
scores generated by the holistic model were deemed to be significant and not due to 
random chance.  The Minitab output from the two sample t-test for the roads - medium 
budget scenario is shown in Figure 5.3. An individual value plot showing the component 
scores generated by the holistic and individual models over the 20 optimization runs, as 
Two-sample T for Holistic vs Individual(Roads-Low Budget) 
 
             N     Mean   StDev  SE Mean 
Holistic    20  3184399  125749    28118 
Individual  20  3302778   97956    21904 
 
 
Difference = mu (Holistic) - mu (Individual) 
Estimate for difference:  -118379 
95% upper bound for difference:  -58286 
T-Test of difference = 0 (vs <): T-Value = -3.32  P-Value = 0.001  DF = 38 
Both use Pooled StDev = 112712.5792 
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well as the mean of each population, for the roads-medium budget scenario can be seen in 
Figure 5.4.   
 
Figure 5.3. Two sample t-test results for roads - medium budget. 
 
Figure 5.4. Individual value plot for roads - medium budget scenario. 
5.3.1.3 T-test for roads - high budget. 
 In the two sample t-test conducted on the component score populations returned 
by the holistic and individual models for the road network under the high budget 
scenario, the null hypothesis was rejected due to the P-value (0.000) being smaller than 
the alpha (0.05).  Thus, the alternative hypothesis was accepted and the lesser component 
scores generated by the holistic model were deemed to be significant and not due to 
random chance.  The Minitab output from the two sample t-test for the roads-high budget 
Two-sample T for Holistic vs Individual (Roads-Medium Budget) 
 
             N     Mean   StDev  SE Mean 
Holistic    20  2085945  120605    26968 
Individual  20  2352693   69215    15477 
 
 
Difference = mu (Holistic) - mu (Individual) 
Estimate for difference:  -266748 
95% upper bound for difference:  -214325 
T-Test of difference = 0 (vs <): T-Value = -8.58  P-Value = 0.000  DF = 38 
Both use Pooled StDev = 98326.5340 
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scenario is shown in Figure 5.5. An individual value plot showing the component scores 
generated by the holistic and individual models over the 20 optimization runs, as well as 
the mean of each population, for the roads - high budget scenario can be seen in Figure 
5.6.   
 
Figure 5.5. Two sample t-test results for roads - high budget. 
 
Figure 5.6. Individual value plot for roads - high budget scenario. 
5.3.1.4 T-test for sewer - low budget. 
 In the two sample t-test conducted on the component score populations returned 
by the holistic and individual models for the sewer network under the low budget 
scenario, the null hypothesis was rejected due to the P-value (0.002) being smaller than 
the alpha (0.05).  Thus, the alternative hypothesis was accepted and the lesser component 
Two-sample T for Holistic vs Individual (Roads-High Budget) 
 
             N     Mean  StDev  SE Mean 
Holistic    20  1104337  99470    22242 
Individual  20  1278474  74590    16679 
 
 
Difference = mu (Holistic) - mu (Individual) 
Estimate for difference:  -174137 
95% upper bound for difference:  -127266 
T-Test of difference = 0 (vs <): T-Value = -6.26  P-Value = 0.000  DF = 38 
Both use Pooled StDev = 87914.5239 
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scores generated by the holistic model were deemed to be significant and not due to 
random chance.  The Minitab output from the two sample t-test for the sewer - low 
budget scenario is shown in Figure 5.7. An individual value plot showing the component 
scores generated by the holistic and individual models over the 20 optimization runs, as 
well as the mean of each population, for the sewer - low budget scenario can be seen in 
Figure 5.8.   
 
Figure 5.7. Two sample t-test results for sewer - low budget. 
 
Figure 5.8. Individual value plot for sewer - low budget scenario. 
 
 
 
Two-sample T for Holistic vs Individual (Sewer-Low Budget) 
 
             N     Mean  StDev  SE Mean 
Holistic    20  1901852  56193    12565 
Individual  20  1953942  51420    11498 
 
 
Difference = mu (Holistic) - mu (Individual) 
Estimate for difference:  -52090 
95% upper bound for difference:  -23376 
T-Test of difference = 0 (vs <): T-Value = -3.06  P-Value = 0.002  DF = 38 
Both use Pooled StDev = 53859.3443 
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5.3.1.5 T-test for sewer - medium budget. 
 In the two sample t-test conducted on the component score populations returned 
by the holistic and individual models for the sewer network under the medium budget 
scenario, the null hypothesis was not rejected due to the P-value (0.182) being larger than 
the alpha (0.05).  By confirming the null hypothesis, the two sample t-test shows that 
there is no difference between the values generated by the holistic model and the 
individual model for the sewer network at the medium budget scenario, even though the 
mean of the component scores returned by the holistic model was smaller than the mean 
of the component scores generated by the individual model.  The Minitab output from the 
two sample t-test for the sewer - medium budget scenario is shown in Figure 5.9. An 
individual value plot showing the component scores generated by the holistic and 
individual models over the 20 optimization runs, as well as the mean of each population, 
for the sewer - medium budget scenario can be seen in Figure 5.10.   
 
Figure 5.9. Two sample t-test results for sewer - medium budget. 
Two-sample T for Holistic vs Individual(Sewer-Medium Budget) 
 
             N     Mean  StDev  SE Mean 
Holistic    20  1243261  83937    18769 
Individual  20  1261770  33105     7402 
 
 
Difference = mu (Holistic) - mu (Individual) 
Estimate for difference:  -18509 
95% upper bound for difference:  15506 
T-Test of difference = 0 (vs <): T-Value = -0.92  P-Value = 0.182  DF = 38 
Both use Pooled StDev = 63801.6749 
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Figure 5.10. Individual value plot for sewer - medium budget scenario. 
5.3.1.6 T-test for sewer - high budget. 
 In the two sample t-test conducted on the component score populations returned 
by the holistic and individual models for the sewer network under the high budget 
scenario, the null hypothesis was rejected due to the P-value (0.002) being smaller than 
the alpha (0.05).  Thus, the alternative hypothesis was accepted and the lesser component 
scores generated by the holistic model were deemed to be significant and not due to 
random chance.  The Minitab output from the two sample t-test for the sewer - high 
budget scenario is shown in Figure 5.11. An individual value plot showing the 
component scores generated by the holistic and individual models over the 20 
optimization runs, as well as the mean of each population, for the sewer - high budget 
scenario can be seen in Figure 5.12.   
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Figure 5.11. Two sample t-test results for sewer - high budget. 
 
Figure 5.12. Individual value plot for sewer - high budget scenario. 
5.3.1.7 T-test for water - low budget. 
 In the two sample t-test conducted on the component score populations returned 
by the holistic and individual models for the water network under the low budget 
scenario, the null hypothesis was rejected due to the P-value (0.007) being smaller than 
the alpha (0.05).  Thus, the alternative hypothesis was accepted and the lesser component 
scores generated by the holistic model were deemed to be significant and not due to 
random chance.  The Minitab output from the two sample t-test for the water - low 
budget scenario is shown in Figure 5.13. An individual value plot showing the 
component scores generated by the holistic and individual models over the 20 
Two-sample T for Holistic vs Individual(Sewer-High Budget) 
 
             N    Mean  StDev  SE Mean 
Holistic    20  629191  49795    11135 
Individual  20  670521  31380     7017 
 
 
Difference = mu (Holistic) - mu (Individual) 
Estimate for difference:  -41330 
95% upper bound for difference:  -19141 
T-Test of difference = 0 (vs <): T-Value = -3.14  P-Value = 0.002  DF = 38 
Both use Pooled StDev = 41618.8010 
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optimization runs, as well as the mean of each population, for the water – low budget 
scenario can be seen in Figure 5.14.   
 
Figure 5.13. Two sample t-test results for water - low budget. 
 
Figure 5.14. Individual value plot for water - low budget scenario. 
5.3.1.8 T-test for water - medium budget. 
 In the two sample t-test conducted on the component score populations returned 
by the holistic and individual models for the water network under the medium budget 
scenario, the null hypothesis was rejected due to the P-value (0.000) being smaller than 
the alpha (0.05).  Thus, the alternative hypothesis was accepted and the lesser component 
scores generated by the holistic model were deemed to be significant and not due to 
random chance.  The Minitab output from the two sample t-test for the water-medium 
Two-sample T for Holistic vs Individual (Water-Low Budget) 
 
             N     Mean  StDev  SE Mean 
Holistic    20  1816558  56719    12683 
Individual  20  1865068  61773    13813 
 
 
Difference = mu (Holistic) - mu (Individual) 
Estimate for difference:  -48511 
95% upper bound for difference:  -16895 
T-Test of difference = 0 (vs <): T-Value = -2.59  P-Value = 0.007  DF = 38 
Both use Pooled StDev = 59300.2142 
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budget scenario is shown in Figure 5.15. An individual value plot showing the 
component scores generated by the holistic and individual models over the 20 
optimization runs, as well as the mean of each population, for the water - medium budget 
scenario can be seen in Figure 5.16.   
 
Figure 5.15. Two sample t-test results for water - medium budget. 
 
Figure 5.16. Individual value plot for water - medium budget scenario. 
5.3.1.9 T-test for water - high budget. 
 In the two sample t-test conducted on the component score populations returned 
by the holistic and individual models for the water network under the high budget 
scenario, the null hypothesis was not rejected due to the P-value (0.325) being larger than 
the alpha (0.05).  By confirming the null hypothesis, the two sample t-test shows that 
Two-sample T for Holistic vs Individual (Water-Medium Budget) 
 
             N     Mean  StDev  SE Mean 
Holistic    20  1148225  51642    11548 
Individual  20  1213723  53580    11981 
 
 
Difference = mu (Holistic) - mu (Individual) 
Estimate for difference:  -65498 
95% upper bound for difference:  -37444 
T-Test of difference = 0 (vs <): T-Value = -3.94  P-Value = 0.000  DF = 38 
Both use Pooled StDev = 52619.9647 
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there is no difference between the values generated by the holistic model and the 
individual model for the water network at the high budget scenario even though the mean 
of the component scores returned by the holistic model was smaller than the mean of the 
component scores generated by the individual model.  The Minitab output from the two 
sample t-test for the water - high budget scenario is shown in Figure 5.17. An individual 
value plot showing the component scores generated by the holistic and individual models 
over the 20 optimization runs, as well as the mean of each population, for the water - high 
budget scenario can be seen in Figure 5.18.   
 
Figure 5.17. Two sample t-test results for water - high budget. 
 
Figure 5.18. Individual value plot for water - high budget scenario. 
 
Two-sample T for Holistic vs Individual (Water-High Budget) 
 
             N    Mean  StDev  SE Mean 
Holistic    20  701719  40767     9116 
Individual  20  706438  21479     4803 
 
 
Difference = mu (Holistic) - mu (Individual) 
Estimate for difference:  -4719 
95% upper bound for difference:  12652 
T-Test of difference = 0 (vs <): T-Value = -0.46  P-Value = 0.325  DF = 38 
Both use Pooled StDev = 32582.9864 
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5.3.2 Summary of Two Sample T-Tests 
 In seven of the nine scenarios that were tested, the holistic model provided 
superior solutions in terms of average component score that were significant and not due 
to random chance. In the two scenarios (sewer - medium budget and water - high budget) 
where the difference between the holistic results and the individual results were not 
deemed to be significant, the holistic model still managed to provide a lower mean 
component score.  In both scenarios, the lack of ability to generate significantly lower 
component scores could be attributable to many different factors.  One such factor could 
be that the holistic model was able to identify higher performing solutions, in terms of 
combined component score, that involved tradeoffs that did not allow for the significant 
improvement of one singular component when compared to the individual results. 
In the case of the water - high budget scenario, the lack of significant difference 
between the holistic and individual models could be directly attributed to the large 
budget. In this scenario, all of the individual or holistic solutions prescribed substantial 
action for all or nearly all of the eligible segments in the water network without 
approaching the $1.5 million five year maximum expenditure constraint. By accepting 
the null hypothesis for the water - high budget scenario, the two sample t-test determined 
that there was no significant difference between the component scores from the holistic 
and individual models. This is likely due to the fact that the budget allowed for all of the 
eligible segments to receive rehabilitation or renewal during the planning horizon 
regardless of whether or not savings were achieved through project synchronization.   
Because the two sample t-test revealed that there was no difference in the 
component scores, an appropriate test of the holistic model’s ability to provide 
consistently better solutions for the water - high budget scenario would be to examine 
whether or not there was a significant difference between the money spent by each model 
  119 
to achieve component scores that were deemed to be the same by the two sample t-test. 
Thus, an additional two sample t-test was conducted in order to determine whether or not 
there was a difference between the expenditures prescribed by each model in achieving 
component score populations with no significant difference.  In this case, the two sample 
t-test would examine the population of prescribed expenditures from each model under 
the water - high budget scenario.  The null hypothesis (H0) states that the mean 
expenditures prescribed for the five year planning horizon by the holistic model were 
equal to the mean expenditures prescribed for the five year planning horizon by the 
individual water model. The alternative hypothesis (H1) stated that the mean expenditures 
prescribed for the five year planning horizon by the holistic model were less than the 
mean expenditures prescribed for the five year planning horizon by the individual model. 
The null and alternative hypotheses that were tested for the water - high budget scenario 
was: 
H0: μHolistic Expenditures – μIndividual Expenditures = 0 
H1: μHolistic Expenditures - μIndividual Expenditures < 0 
The results of the two sample t-test, conducted with a 95 percent confidence level, for 
comparing prescribed expenditures from the holistic and individual model for the water - 
high budget scenario can be seen in Figure 5.19. From the data in Figure 5.19 it can be 
seen that the null hypothesis was rejected due to the P-value (0.000) being smaller than 
the alpha (0.05).  Thus, the alternative hypothesis was accepted and the prescribed 
expenditures generated by the holistic model are deemed to be significantly less than the 
prescribed expenditures from the individual model. 
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Figure 5.19. Prescribed expenditures two sample t-test results for water - high budget. 
5.4 Validation II: Best Solutions 
One of the goals of this research was to create a methodology that would 
optimize the overall combined condition and performance of a municipality’s ROW 
infrastructure. Therefore, it is important to look at the best overall solutions, in terms of 
combined component score, from the holistic and individual models. As was noted in the 
results section, the holistic model outperformed the individual models across all three 
budget scenarios in terms of best solution for the combined component score. For the 
scenarios tested, the holistic model was able to overcome a larger search space - despite 
greater potential for infeasible solutions to misdirect the evolutionary search algorithm - 
in order to provide multiple solutions that were superior to the best solution generated by 
the individual models.  In the following sub-sections, the best performing results from 
each scenario that were generated by the individual models will be compared with the 
superior solutions generated by the holistic model.  
5.4.1 Low Budget Best Solutions 
As was previously noted, in the traditional paradigm, individual utility 
departments develop asset management plans without consideration for other ROW 
infrastructure components. Based on this paradigm, the best solutions from the individual 
models were combined to create a combined component score that represents the best 
solution from the individual models. That combined component score can then be 
Two-sample T for Holistic vs Individual 
 
             N     Mean  StDev  SE Mean 
Holistic    20  1124400  48347    10811 
Individual  20  1203500  22130     4948 
 
 
Difference = mu (Holistic) - mu (Individual) 
Estimate for difference:  -79100 
95% CI for difference:  (-103169, -55031) 
T-Test of difference = 0 (vs not =): T-Value = -6.65  P-Value = 0.000  DF = 38 
Both use Pooled StDev = 37597.6973 
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compared to the holistic model whose objective function was designed to minimize the 
combined component scores from the three networks.  The run number and component 
scores from the best solutions generated by the individual models at the low budget can 
be seen in Table 5.1.  Also shown in Table 5.1 is the combined total score of the best 
performing solutions from the individual models. Table 5.2 shows the run number, 
component scores, and combined total of the component scores from the optimization 
runs of the holistic model that outperformed the best combined component score total 
from the individual models. Also shown in Table 5.2 is the percent difference between 
the best individual solution and the superior holistic solutions. 
Table 5.1 
Combined CS total from top performing individual models (low budget). 
 
Table 5.2 
Holistic solutions outperforming the best combined individual model solution (low 
budget). 
 
 Seven solutions out of 20 that were generated by the holistic model outperformed 
the best combined solution from the individual models.  The combined component score 
 Run CS Final Value  Run CS Final Value  Run CS Final Value
18 3,175,876 20 1,863,562 3 1,787,104 6,826,542
SewerRoads Water Combined 
Total
Roads Sewer Water
 Run CS Final Value CS Final Value CS Final Value
2 3,174,269 1,793,018 1,849,627 6,816,914 0.14%
6 3,010,801 1,889,080 1,841,724 6,741,605 1.25%
8 3,090,264 1,998,359 1,729,520 6,818,143 0.12%
15 3,016,483 1,847,620 1,808,649 6,672,752 2.28%
16 3,029,133 1,878,798 1,765,536 6,673,466 2.27%
18 3,115,916 1,859,182 1,798,601 6,773,699 0.78%
20 3,100,552 1,858,462 1,773,378 6,732,392 1.39%
Percent Difference 
from Individual
Combined 
Total
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from the top performing holistic solution (run 15) was 2.28 percent better than the best 
solution form the individual models in terms of percent difference.   
5.4.2 Medium Budget Best Solutions 
 As was done for the results of the low budget solutions, the best medium budget 
solutions from the individual models were combined to generate an overall combined 
component score that mimics the traditional decision-making paradigm. That combined 
component score was then compared to the results from the holistic model.   
The run number and component scores from the best solutions at the medium 
budget that were generated by the individual models can be seen in Table 5.3.  Also 
shown in Table 5.3 is the combined total score of the best performing solutions from the 
individual models. Table 5.4 shows the run number, component scores, and combined 
total of the component scores from the optimization runs of the holistic model that 
outperformed the best combined component score total from the individual models. Also 
shown in Table 5.4 is the percent difference between the best individual solution and the 
superior holistic solutions. 
Table 5.3 
Combined CS total from top performing individual models (medium budget). 
 
In all, 16 out of 20 solutions that were generated by the holistic model 
outperformed the best combined solution from the individual models.  With an average 
combined component score of 4,512,242 for all 20 runs, the average combined 
component score generated by the holistic model outperformed the best combined 
solution from the individual models, which returned a combined component score of 
4,612,738.  The combined component score from the top performing holistic solution 
 Run CS Final Value  Run CS Final Value  Run CS Final Value
3 2,242,309 17 1,207,777 14 1,162,652 4,612,738
Roads Sewer Water Combined 
Total
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(run 19) was 10.24 percent better than the best solution form the individual models in 
terms of percent difference. 
Table 5.4 
Holistic solutions outperforming the best combined individual model solution (medium 
budget). 
 
  
5.4.3 High Budget Best Solutions 
As was done for the results of the low and medium budget solutions, the best 
high budget solutions from the individual models were combined to generate an overall 
combined component score that mimicked the traditional decision-making paradigm. 
That combined component score was then compared to the holistic model results. The run 
number and component scores from the best solutions that were generated by the 
individual models can be seen in Table 5.5.  Also shown in Table 5.5 is the combined 
component score of the best performing solutions from the individual models. Table 5.6 
Roads Sewer Water
 Run CS Final Value CS Final Value CS Final Value
1 1,957,412 1,310,839 1,282,203 4,550,454 1.36%
2 2,166,062 1,139,067 1,181,535 4,486,664 2.77%
4 1,943,681 1,120,146 1,104,331 4,168,158 10.13%
6 1,933,995 1,418,662 1,215,468 4,568,125 0.97%
7 2,199,632 1,194,596 1,194,440 4,588,668 0.52%
8 2,051,223 1,308,631 1,086,196 4,446,050 3.68%
9 1,989,945 1,318,316 1,081,092 4,389,353 4.96%
10 2,047,927 1,357,069 1,165,517 4,570,513 0.92%
11 2,048,614 1,172,937 1,174,712 4,396,263 4.81%
12 2,006,345 1,188,498 1,175,473 4,370,316 5.40%
14 2,079,154 1,214,250 1,131,602 4,425,006 4.15%
15 2,065,179 1,246,082 1,125,498 4,436,759 3.89%
16 2,106,652 1,283,457 1,136,548 4,526,657 1.88%
17 2,238,699 1,138,690 1,072,358 4,449,746 3.60%
18 2,081,000 1,231,751 1,088,163 4,400,915 4.70%
19 1,862,414 1,116,571 1,184,615 4,163,600 10.24%
Combined 
Total
Percent 
Difference 
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shows the run number, component scores, and combined total of the component scores 
from the optimization runs of the holistic model that outperformed the best combined 
component score total from the individual models.  Also shown in Table 5.6 is the 
percent difference between the best individual solution and the superior holistic solutions. 
Table 5.5 
Combined CS total from top performing individual models (high budget). 
 
Table 5.6 
Holistic solutions outperforming the best combined individual model solution (high 
budget). 
 
 In all, 14 out of 20 solutions generated by the holistic model outperformed the 
best combined solution from the individual models.  With an average combined 
component score of 2,435,247 for all 20 runs, the average combined component score 
generated by the holistic model outperformed the best combined solution from the 
 Run CS Final Value  Run CS Final Value  Run CS Final Value
7 1,185,103 3 626,071 16 682,506 2,493,680
Roads Sewer Water Combined 
Total
Roads Sewer Water
 Run CS Final Value CS Final Value CS Final Value
1 1,034,232 640,903 741,332 2,416,468 3.15%
2 1,143,625 527,971 702,358 2,373,953 4.92%
4 1,172,473 596,735 683,360 2,452,567 1.66%
5 963,117 667,093 708,786 2,338,996 6.40%
6 1,052,735 635,513 671,557 2,359,805 5.52%
9 1,078,188 625,509 642,469 2,346,166 6.10%
10 1,049,517 560,206 669,714 2,279,436 8.98%
12 1,097,993 626,169 657,898 2,382,060 4.58%
13 967,325 647,467 646,271 2,261,063 9.78%
16 996,521 649,689 659,618 2,305,828 7.83%
17 996,029 724,681 685,877 2,406,586 3.55%
18 1,130,821 609,358 727,795 2,467,973 1.04%
19 997,968 639,023 739,870 2,376,860 4.80%
20 1,093,108 608,693 743,440 2,445,240 1.96%
Percent 
Difference 
Combined 
Total
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individual models, which returned a combined component score of 2,493,680.  The 
combined component score from the top performing holistic solution (run 13) was 9.78 
percent better than the best solution form the individual models in terms of percent 
difference. 
5.4.4 Summary of Best Performing Solution Comparison 
 In all three scenarios, the holistic model was able to generate superior solutions 
when compared to the combined results of the individual models. For low budget, 
medium budget, and high budget scenarios, the holistic model respectively generated 
seven, 16, and 14 superior solutions to the best overall solution from the individual 
models. These results validate that the holistic model is able to achieve better component 
scores under the same budgetary constraints.  In a real world scenario, a municipality 
would generate a sample of solutions to choose from in order to allow the holistic model 
to reset and search new spaces.  The scenarios presented in this research mimicked that 
approach, and showed that, in doing so, better results could be expected from the holistic 
model. 
5.5 Validation III Substantial Actions 
 A third method for establishing the validity of the holistic model’s ability to 
outperform the individual models is  to compare the frequency at which the holistic 
model prescribes substantial asset management actions (rehabilitation or renewal) for the 
ROW assets versus the individual models’ ability to do the same.  By prescribing 
substantial actions, as opposed to maintenance, segment performance is improved 
substantially and it is less likely that segments near the end of their useful life will be 
caught in a cycle where they routinely receive maintenance that is not cost effective when 
measured against the benefit that it provides. The following sub-sections will compare 
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the abilities of the holistic and individual models to prescribe significant asset 
management actions for the low, medium, and high budget scenarios. 
5.5.1 Low Budget Substantial Actions 
 The results from each optimization run, in terms of the number of road, sewer, 
and water segments that were prescribed substantial action by the holistic model during 
the five year planning horizon under the low budget scenario, can be seen in Table 5.7.  
The average number of substantial actions prescribed can also be seen in Table 5.7.  The 
same data that was generated by the individual models under the low budget scenario can 
be seen in Table 5.8. 
Table 5.7 
Substantial actions prescribed by the holistic model (low budget).  
 
 
 
Run Road Sewer Water
1 3 4 5
2 3 5 4
3 3 5 5
4 3 4 4
5 4 4 6
6 3 4 4
7 3 4 5
8 3 6 5
9 3 4 5
10 3 4 5
11 3 5 4
12 3 5 5
13 2 4 4
14 3 4 5
15 3 4 5
16 3 4 6
17 3 4 4
18 2 4 5
19 4 4 5
20 3 4 5
Average: 3.0 4.3 4.8
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Table 5.8  
Substantial actions prescribed by individual models (low budget).  
 
From Tables 5.7 and 5.8 it can be seen that on average the holistic model 
prescribes a larger number of substantial actions for each of the ROW components.  Two 
sample t-tests were applied to see if the difference in the average number of substantial 
actions prescribed could be considered significant or if it was simply attributed to random 
chance.  
The null hypothesis (H0) stated that the mean number of substantial actions 
prescribed by the holistic model were equal to the mean number of substantial actions 
prescribed by the individual model. The alternative hypothesis (H1) stated that the mean 
number of substantial actions prescribed by the holistic model was greater than the mean 
number of substantial actions prescribed by the individual model. The null and alternative 
hypotheses that were tested for each component at the low budget were as follows: 
Run Road Sewer Water
1 2 4 5
2 2 4 5
3 3 4 5
4 2 4 4
5 3 3 4
6 3 4 5
7 3 4 4
8 2 4 4
9 2 4 3
10 3 4 5
11 3 4 4
12 3 4 4
13 3 4 3
14 2 4 5
15 2 4 4
16 3 4 4
17 2 4 4
18 2 4 4
19 2 4 4
20 3 4 4
Average: 2.5 4.0 4.2
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H0: μSubstantial actions Prescribed Holistic - μSubstantial actions Prescribed Individual = 0 
H1: μSubstantial actions Prescribed Holistic - μSubstantial actions Prescribed Individual > 0 
Each two sample t-test was conducted with a 95 percent confidence level using 
Minitab® Statistical Software. At a 95 percent confidence level, the alpha (α) will be 
0.05.  If the P-value of a test statistic is less than or equal to the alpha, the null hypothesis 
is rejected. If the P-value is greater than the alpha, the null hypothesis is not rejected 
(Minitab Inc., 2010). 
The fact that the holistic model prescribed substantial actions at a greater rate for 
all three components under the low budget scenario was confirmed as being significant 
by the two sample t-tests.  The Minitab output from the two sample t-test for roads can be 
seen in Figure 5.20.  The null hypothesis was rejected due to the P-value (0.001) being 
smaller than the alpha (0.05).  Thus, the alternative hypothesis was accepted and the 
greater number of substantial actions generated for roads by the holistic model were 
deemed to be significant and not due to random chance.   
 
Figure 5.20. Substantial action two sample t-test results for roads - low budget. 
The Minitab output from the two sample t-test for sewers can be seen in Figure 
5.21.  The null hypothesis was rejected due to the P-value (0.007) being smaller than the 
alpha (0.05).  Thus, the alternative hypothesis was accepted and the greater number of 
substantial actions generated for sewers by the holistic model were deemed to be 
significant and not due to random chance.   
Two-sample T for Holistic Roads vs Individual Roads 
 
                   N   Mean  StDev  SE Mean 
Holistic Roads    20  3.000  0.459     0.10 
Individual Roads  20  2.500  0.513     0.11 
 
 
Difference = mu (Holistic Roads) - mu (Individual Roads) 
Estimate for difference:  0.500 
95% lower bound for difference:  0.241 
T-Test of difference = 0 (vs >): T-Value = 3.25  P-Value = 0.001  DF = 38 
Both use Pooled StDev = 0.4867 
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Figure 5.21. Substantial action two sample t-test results for sewers - low budget. 
The Minitab output from the two sample t-test for water can be seen in Figure 
5.22.  The null hypothesis was rejected due to the P-value (0.002) being smaller than the 
alpha (0.05).  Thus, the alternative hypothesis was accepted and the greater number of 
substantial actions generated for the water network by the holistic model are deemed to 
be significant and not due to random chance.   
 
Figure 5.22. Substantial action two sample t-test results for water - low budget. 
5.5.2 Medium Budget Substantial Actions 
The results from each optimization run, in terms of the number of road, sewer, 
and water segments that were prescribed substantial action by the holistic model during 
the five year planning horizon under the medium budget scenario, can be seen in Table 
5.9.  The average number of substantial actions prescribed can also be seen in Table 5.9.  
The same data that was generated by the individual models under the medium budget 
scenario can be seen in Table 5.10. 
 
Two-sample T for Holistic Sewer vs Individual Sewer 
 
                   N   Mean  StDev  SE Mean 
Holistic Sewer    20  4.300  0.571     0.13 
Individual Sewer  20  3.950  0.224    0.050 
 
 
Difference = mu (Holistic Sewer) - mu (Individual Sewer) 
Estimate for difference:  0.350 
95% lower bound for difference:  0.119 
T-Test of difference = 0 (vs >): T-Value = 2.55  P-Value = 0.007  DF = 38 
Both use Pooled StDev = 0.4338 
Two-sample T for Holistic Water vs Individual Water 
 
                   N   Mean  StDev  SE Mean 
Holistic Water    20  4.800  0.616     0.14 
Individual Water  20  4.200  0.616     0.14 
 
 
Difference = mu (Holistic Water) - mu (Individual Water) 
Estimate for difference:  0.600 
95% lower bound for difference:  0.272 
T-Test of difference = 0 (vs >): T-Value = 3.08  P-Value = 0.002  DF = 38 
Both use Pooled StDev = 0.6156 
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Table 5.9 
Substantial actions prescribed by the holistic model (medium budget).  
 
From Tables 5.9 and 5.10 it can be seen that on average the holistic model 
prescribes a larger number of substantial actions for each of the ROW components.  Two 
sample t-tests were applied to see if the difference in the average number of substantial 
actions prescribed could be considered significant or if it was simply attributed to random 
chance.  
 
 
 
 
 
 
Run Road Sewer Water
1 8 10 12
2 7 9 13
3 8 10 13
4 7 10 13
5 8 12 13
6 7 12 12
7 7 12 11
8 8 10 16
9 7 10 14
10 7 10 13
11 7 12 13
12 9 11 12
13 9 10 14
14 7 9 13
15 8 8 14
16 8 10 15
17 7 11 11
18 8 11 13
19 7 11 12
20 10 10 13
Average: 7.7 10.4 13.0
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Table 5.10  
Substantial actions prescribed by individual models (medium budget).  
 
The null hypothesis (H0) stated that the mean number of substantial actions 
prescribed by the holistic model were equal to the mean number of substantial actions 
prescribed by the individual model. The alternative hypothesis (H1) stated that the mean 
number of substantial actions prescribed by the holistic model was greater than the mean 
number of substantial actions prescribed by the individual model. The null and alternative 
hypotheses that were tested for each component at the medium budget were as follows: 
H0: μSubstantial actions Prescribed Holistic - μSubstantial actions Prescribed Individual = 0 
H1: μSubstantial actions Prescribed Holistic - μSubstantial actions Prescribed Individual > 0 
The fact that the holistic model prescribed substantial actions at a greater rate 
was confirmed as being significant for the road and sewer networks.  The Minitab output 
from the two sample t-test for roads can be seen in Figure 5.23.  The null hypothesis was 
Run Road Sewer Water
1 6 8 12
2 6 10 13
3 5 10 12
4 5 9 12
5 6 10 11
6 7 8 14
7 6 10 13
8 6 10 12
9 6 9 14
10 7 8 14
11 6 8 12
12 6 10 12
13 6 10 13
14 6 9 13
15 6 8 13
16 5 8 13
17 7 9 12
18 6 10 13
19 6 10 13
20 6 10 13
Average: 6.0 9.2 12.7
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rejected due to the P-value (0.000) being smaller than the alpha (0.05).  Thus, the 
alternative hypothesis was accepted and the greater number of substantial actions 
generated for roads by the holistic model were deemed to be significant and not due to 
random chance.   
 
Figure 5.23. Substantial action two sample t-test results for roads - medium budget. 
The Minitab output from the two sample t-test for sewers can be seen in Figure 
5.24.  The null hypothesis was rejected due to the P-value (0.000) being smaller than the 
alpha (0.05).  Thus, the alternative hypothesis was accepted and the greater number of 
substantial actions generated for sewers by the holistic model were deemed to be 
significant and not due to random chance.   
 
Figure 5.24. Substantial action two sample t-test results for sewers - low budget. 
The Minitab output from the two sample t-test for water can be seen in Figure 
5.25.  The null hypothesis was not rejected due to the P-value (0.181) being larger than 
the alpha (0.05).  Thus, the average number of prescribed substantial actions from the 
Two-sample T for Holistic Roads vs Individual Roads 
 
                   N   Mean  StDev  SE Mean 
Holistic Roads    20  7.700  0.865     0.19 
Individual Roads  20  6.000  0.562     0.13 
 
 
Difference = mu (Holistic Roads) - mu (Individual Roads) 
Estimate for difference:  1.700 
95% lower bound for difference:  1.311 
T-Test of difference = 0 (vs >): T-Value = 7.37  P-Value = 0.000  DF = 38 
Both use Pooled StDev = 0.7291 
Two-sample T for Holistic Sewer vs Individual Sewer 
 
                   N   Mean  StDev  SE Mean 
Holistic Sewer    20  10.40   1.10     0.24 
Individual Sewer  20  9.200  0.894     0.20 
 
 
Difference = mu (Holistic Sewer) - mu (Individual Sewer) 
Estimate for difference:  1.200 
95% lower bound for difference:  0.667 
T-Test of difference = 0 (vs >): T-Value = 3.79  P-Value = 0.000  DF = 38 
Both use Pooled StDev = 1.0000 
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holistic model is considered to be the same as the average number of prescribed 
substantial actions from the individual model.   
 
Figure 5.25. Substantial action two sample t-test results for water - medium budget. 
 The holistic model did not significantly outperform all of the individual models 
in terms of prescribed substantial actions, but it was not outperformed either.  For both 
roads and sewers at the medium budget, the two sample t-test confirmed that the holistic 
model prescribed rehabilitation and renewal more frequently than the corresponding 
individual models.  For the water component, the two sample t-test showed that the 
holistic model and the individual model performed the same in terms of frequency at 
which rehabilitation and renewal were prescribed.  By prescribing significantly more 
rehabilitation and renewal projects for two out of three ROW components and prescribing 
the same amount of rehabilitation and renewal projects for the other component, it can be 
concluded that the holistic model outperformed the individual models in terms of 
prescribing a greater quantity of rehabilitation and renewal projects. 
5.5.3 High Budget Substantial Actions 
The results from each optimization run, in terms of the number of road, sewer, 
and water segments that were prescribed substantial action by the holistic model during 
the five year planning horizon under the high budget scenario, can be seen in Table 5.11.  
The average number of substantial actions prescribed can also be seen in Table 5.11.  The 
Two-sample T for Holistic Water vs Individual Water 
 
                   N    Mean  StDev  SE Mean 
Holistic Water    20   13.00   1.21     0.27 
Individual Water  20  12.700  0.801     0.18 
 
 
Difference = mu (Holistic Water) - mu (Individual Water) 
Estimate for difference:  0.300 
95% lower bound for difference:  -0.248 
T-Test of difference = 0 (vs >): T-Value = 0.92  P-Value = 0.181  DF = 38 
Both use Pooled StDev = 1.0285 
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same data that was generated by the individual models under the high budget scenario 
can be seen in Table 5.12. 
Table 5.11 
Substantial actions prescribed by the holistic model (high budget).  
 
From Tables 5.11 and 5.12 it can be seen that on average the holistic model 
prescribes a larger number of substantial actions for the road and sewer components, 
while the individual water model produced a higher average of rehab and renewal actions 
prescribed.  Two sample t-tests were applied to see if the difference in average number of 
substantial actions prescribed could be considered significant or if it was simply 
attributed to random chance.  
 
 
 
Run Road Sewer Water
1 18 20 23
2 22 23 23
3 20 17 20
4 24 22 23
5 23 22 23
6 21 21 23
7 19 20 23
8 24 20 23
9 22 20 23
10 24 20 23
11 21 19 23
12 23 20 23
13 24 23 23
14 22 19 23
15 21 21 23
16 22 23 22
17 24 23 23
18 22 22 23
19 20 20 23
20 23 21 23
Average: 22.0 20.8 22.8
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Table 5.12 
Substantial actions prescribed by individual models (high budget).  
 
For the road and sewer components, the null hypothesis (H0) stated that the mean 
number of substantial actions prescribed by the holistic model were equal to the mean 
number of substantial actions prescribed by the individual model. The alternative 
hypothesis (H1) stated that the mean number of substantial actions prescribed by the 
holistic model was greater than the mean number of substantial actions prescribed by the 
individual model. The null and alternative hypotheses that were tested for the road and 
sewer components were as follows: 
H0: μSubstantial actions Prescribed Holistic - μSubstantial actions Prescribed Individual = 0 
H1: μSubstantial actions Prescribed Holistic - μSubstantial actions Prescribed Individual > 0 
Under the high budget scenario, the only ROW component that observed a 
significant difference between the holistic and individual models, in terms of average 
Run Road Sewer Water
1 18 22 23
2 17 22 23
3 17 21 23
4 17 19 23
5 17 19 23
6 16 22 23
7 16 21 23
8 18 22 23
9 15 18 23
10 17 21 23
11 17 21 23
12 17 21 23
13 17 19 23
14 20 21 23
15 17 19 23
16 16 22 23
17 20 23 22
18 20 19 23
19 17 19 23
20 18 19 23
Average: 17.4 20.5 23.0
  136 
number of rehabilitation and renewal projects prescribed, was roads.  The Minitab output 
from the two sample t-test for roads can be seen in Figure 5.26.  The null hypothesis was 
rejected due to the P-value (0.000) being smaller than the alpha (0.05).  Thus, the 
alternative hypothesis was accepted and the greater number of substantial actions 
generated for roads by the holistic model were deemed to be significant and not due to 
random chance.   
 
Figure 5.26. Substantial action two sample t-test results for roads - high budget. 
The Minitab output from the two sample t-test for sewers can be seen in Figure 
5.27.  The null hypothesis was not rejected due to the P-value (0.271) being larger than 
the alpha (0.05).  Thus, the average of the two populations is considered to be the same.   
 
Figure 5.27. Substantial action two sample t-test results for sewers - high budget. 
Because the individual water model returned a higher mean number of 
rehabilitation and renewal actions prescribed per optimization run, the hypothesis used in 
the two sample t-test would need to be adjusted.  In order to determine whether or not the 
results produced by the individual model were significantly better than the holistic model, 
Two-sample T for Holistic Roads vs Individual Roads 
 
                   N   Mean  StDev  SE Mean 
Holistic Roads    20  21.95   1.76     0.39 
Individual Roads  20  17.35   1.35     0.30 
 
 
Difference = mu (Holistic Roads) - mu (Individual Roads) 
Estimate for difference:  4.600 
95% lower bound for difference:  3.764 
T-Test of difference = 0 (vs >): T-Value = 9.27  P-Value = 0.000  DF = 38 
Both use Pooled StDev = 1.5686 
Two-sample T for Holistic Sewer vs Individual Sewer 
 
                   N   Mean  StDev  SE Mean 
Holistic Sewer    20  20.80   1.61     0.36 
Individual Sewer  20  20.50   1.47     0.33 
 
 
Difference = mu (Holistic Sewer) - mu (Individual Sewer) 
Estimate for difference:  0.300 
95% lower bound for difference:  -0.521 
T-Test of difference = 0 (vs >): T-Value = 0.62  P-Value = 0.271  DF = 38 
Both use Pooled StDev = 1.5407 
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the null hypothesis (H0) that was used stated that the mean number of substantial actions 
prescribed by the individual model were equal to the mean number of substantial actions 
prescribed by the holistic model. The alternative hypothesis (H1) stated that the mean 
number of substantial actions prescribed by the individual model was greater than the 
mean number of substantial actions prescribed by the holistic model. The null and 
alternative hypotheses that were tested for the water component at the high budget were: 
H0: μSubstantial actions Prescribed Individual - μSubstantial actions Prescribed Holistic = 0 
H1: μSubstantial actions Prescribed Individual - μSubstantial actions Prescribed Holistic > 0 
The Minitab output from the two sample t-test for water can be seen in Figure 
5.28.  In this scenario, the null hypothesis was not rejected due to the P-value (0.182) 
being larger than the alpha (0.05).  Thus, the average of the two populations is considered 
to be the same.   
 
Figure 5.28. Substantial action two sample t-test results for water - high budget. 
 The holistic model significantly outperformed the individual road model in terms 
of prescribed substantial actions because the two sample t-test confirmed that the holistic 
model prescribed rehabilitation and renewal more frequently than the corresponding 
individual model.  For the water and sewer components, the two sample t-test showed 
that the holistic model and the individual model performed the same in terms of 
frequency with which rehabilitation and renewal were prescribed.  By prescribing 
significantly more rehabilitation and renewal projects for one out of three ROW 
Two-sample T for Individual Water vs Holistic Water 
 
                   N    Mean  StDev  SE Mean 
Individual Water  20  22.950  0.224    0.050 
Holistic Water    20  22.800  0.696     0.16 
 
 
Difference = mu (Individual Water) - mu (Holistic Water) 
Estimate for difference:  0.150 
95% lower bound for difference:  -0.126 
T-Test of difference = 0 (vs >): T-Value = 0.92  P-Value = 0.182  DF = 38 
Both use Pooled StDev = 0.5168 
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components and prescribing the same amount of rehabilitation and renewal projects for 
the other two components, it can be concluded that the holistic model outperformed the 
individual models in terms of prescribing a greater quantity of rehabilitation and renewal 
projects. 
5.5.4 Substantial Action Summary 
 When operating under the low budget scenario, the fact that a larger number of 
rehabilitation and renewal projects were prescribed for each component by the holistic 
model was confirmed as being significant by the two sample t-tests.  When operating 
under the medium budget scenario, the fact that a larger number of rehabilitation and 
renewal projects were prescribed for the road and sewer components by the holistic 
model was confirmed as being significant by the two sample t-tests.  Under the medium 
budget scenario the holistic models ability to prescribe more rehabilitation and renewal 
projects for the water component was not confirmed as being significant.  When 
operating under the high budget scenario, the fact that a larger number of rehabilitation 
and renewal projects were prescribed for the road component by the holistic model was 
confirmed as being significant by the two sample t-tests.  Under the high budget scenario 
the holistic models ability to prescribe more rehabilitation and renewal projects for the 
sewer and water components was not confirmed as being significant. Overall, the holistic 
model prescribed more rehabilitation and renewal actions at each budget level.  
5.6 Validation IV Savings through Synchronization 
The final method used to validate the methodology was to examine whether or 
not the holistic model was able to synchronize collocated projects so that savings could 
be achieved.  Taking into account the number of possible solutions in the search space, 
there was a very small chance of projects randomly being synchronized.  Hence, if the 
holistic model was able to consistently provide solutions in which collocated projects 
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were synchronized to occur in the same year, it would indicate that the methodology is 
achieving the goal of saving money through project synchronizations. Synchronizations 
from each run of the holistic model and under each budget scenario will be examined in 
the following subsections. 
5.6.1 Low Budget Synchronizations 
While operating under the low budget scenario, the holistic model was able to 
achieve multiple synchronizations on each run. The resulting number of synchronizations 
can be seen in Table 5.13, along with the average number of synchronizations and dollar 
savings. Table 5.14 shows the percentage of the component budget from the five year 
planning horizon that was saved on each run for each component via the synchronization 
of collocated projects, as well as the average savings from each run. 
Table 5.13 
Low budget synchronizations and savings by ROW component. 
 
Run
Number of 
Segments
Total 
Savings
Number of 
Segments
Total 
Savings
Number of 
Segments
Total 
Savings
1 1 $41,500 3 $40,750 3 $27,500
2 2 $71,500 3 $38,000 2 $28,500
3 2 $71,500 3 $38,000 3 $42,500
4 2 $60,000 2 $39,000 1 $22,000
5 2 $45,000 1 $18,000 2 $22,500
6 2 $71,500 1 $9,000 3 $42,500
7 2 $71,500 1 $14,500 1 $22,000
8 1 $41,500 3 $28,000 3 $28,250
9 1 $41,500 0 $0 1 $14,000
10 2 $76,500 0 $0 2 $35,000
11 1 $30,000 0 $0 1 $22,000
12 2 $54,000 3 $39,750 1 $7,000
13 2 $71,500 2 $29,000 1 $14,000
14 2 $32,500 2 $16,250 2 $22,500
15 3 $90,250 2 $33,500 4 $58,000
16 2 $71,500 2 $39,000 1 $14,000
17 2 $51,000 2 $24,000 2 $20,500
18 1 $41,500 2 $23,500 2 $20,500
19 1 $30,000 1 $14,500 0 $0
20 3 $90,250 2 $33,500 2 $44,000
Average 1.8 $57,725 1.8 $23,913 1.9 $25,363
Road Sewer Water
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Table 5.14 
Percentage of low budget saved for each component broken out by optimization run. 
 
 From Table 5.13 it can be seen that every run managed to achieve 
synchronization or at least two collocated segments.  In addition, nearly two 
synchronizations were averaged for each component.  Table 5.14 shows the average 
percent savings from each component over the twenty runs. When considering the ROW 
budgets as a whole, the holistic model achieved an average savings through 
synchronization equal to 8.6 percent of the overall $1.25 million budget ($500,000 for 
roads and $375,000 for both sewer and water) from the low budget scenario.  
5.6.2 Medium Budget Synchronizations 
While operating under the medium budget scenario, the holistic model was able 
achieve multiple synchronizations on each run. The resulting number of synchronizations 
Run Road Sewer Water
1 8.3% 10.9% 7.3%
2 14.3% 10.1% 7.6%
3 14.3% 10.1% 11.3%
4 12.0% 10.4% 5.9%
5 9.0% 4.8% 6.0%
6 14.3% 2.4% 11.3%
7 14.3% 3.9% 5.9%
8 8.3% 7.5% 7.5%
9 8.3% 0.0% 3.7%
10 15.3% 0.0% 9.3%
11 6.0% 0.0% 5.9%
12 10.8% 10.6% 1.9%
13 14.3% 7.7% 3.7%
14 6.5% 4.3% 6.0%
15 18.1% 8.9% 15.5%
16 14.3% 10.4% 3.7%
17 10.2% 6.4% 5.5%
18 8.3% 6.3% 5.5%
19 6.0% 3.9% 0.0%
20 18.1% 8.9% 11.7%
Average 11.5% 6.4% 6.8%
Percent of Budget Saved
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can be seen in Table 5.15, along with the average number of synchronizations and dollar 
savings. Table 5.16 shows the percentage of the component budget from the five year 
planning horizon that was saved on each run for each component via the synchronization 
of collocated projects, as well as the average percentage savings from each run. 
Table 5.15 
Medium budget synchronizations and savings by ROW component. 
 
From Table 5.15 it can be seen that every run managed to achieve multiple 
synchronizations.  Table 5.16 shows the average percent savings from each component 
over the twenty runs. When considering the ROW budgets as whole, the holistic model 
achieved an average savings through synchronization that was equal to 10.37 percent of 
the overall $2.5million budget ($1,000,000 for roads and $750,000 for both sewer and 
water) from the medium budget scenario. 
Run
Number of 
Segments
Total 
Savings
Number of 
Segments
Total 
Savings
Number of 
Segments
Total 
Savings
1 5 $151,000 2 $29,000 6 $78,750
2 3 $95,500 6 $90,500 4 $34,250
3 7 $178,000 6 $70,250 7 $81,000
4 4 $148,000 4 $72,500 4 $70,000
5 5 $140,500 3 $27,000 6 $87,250
6 6 $184,000 3 $42,000 4 $76,500
7 5 $153,500 5 $57,750 2 $24,750
8 5 $148,000 4 $46,000 4 $46,250
9 3 $104,000 1 $4,500 4 $58,250
10 4 $139,000 4 $56,750 4 $45,000
11 6 $184,000 8 $107,250 3 $18,000
12 5 $149,000 6 $72,750 5 $39,750
13 6 $164,500 2 $32,500 5 $78,000
14 5 $164,500 3 $31,500 5 $74,750
15 5 $136,500 2 $49,000 3 $34,500
16 3 $83,000 2 $13,500 5 $67,750
17 4 $107,500 5 $63,750 4 $45,000
18 6 $157,500 5 $61,250 7 $88,500
19 5 $146,000 6 $84,250 6 $71,500
20 8 $169,500 3 $51,500 7 $99,500
Average 5.0 $145,175 4.0 $53,175 4.8 $60,963
Road Sewer Water
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Table 5.16 
Percentage of medium budget saved for each component broken out by optimization run. 
 
5.6.3 High Budget Synchronizations 
As with the low and medium budget scenarios, the holistic model was able 
achieve multiple synchronizations on each run at the high budget level. The resulting 
number of synchronizations can be seen in Table 5.17, along with the average number of 
synchronizations and dollar savings. Table 5.18 shows the percentage of the component 
budget from the five year planning horizon that was saved on each run for each 
component via the synchronization of collocated projects, as well as the average 
percentage savings from each run. 
 
 
Run Road Sewer Water
1 15.1% 3.9% 10.5%
2 9.6% 12.1% 4.6%
3 17.8% 9.4% 10.8%
4 14.8% 9.7% 9.3%
5 14.1% 3.6% 11.6%
6 18.4% 5.6% 10.2%
7 15.4% 7.7% 3.3%
8 14.8% 6.1% 6.2%
9 10.4% 0.6% 7.8%
10 13.9% 7.6% 6.0%
11 18.4% 14.3% 2.4%
12 14.9% 9.7% 5.3%
13 16.5% 4.3% 10.4%
14 16.5% 4.2% 10.0%
15 13.7% 6.5% 4.6%
16 8.3% 1.8% 9.0%
17 10.8% 8.5% 6.0%
18 15.8% 8.2% 11.8%
19 14.6% 11.2% 9.5%
20 17.0% 6.9% 13.3%
Average 14.4% 6.6% 8.0%
Percent of Budget Saved
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Table 5.17 
High budget synchronizations and savings by ROW component. 
 
From Table 5.17 it can be seen that every run managed to achieve multiple 
synchronizations.  When considering the ROW budgets as whole, the holistic model 
achieved an average savings through synchronization equal to 10.82 percent of the 
overall $5 million budget ($2,000,000 for roads and $1,500,000 for both sewer and 
water) from the high budget scenario. 
 
 
 
 
 
Run
Number of 
Segments
Total 
Savings
Number of 
Segments
Total 
Savings
Number of 
Segments
Total 
Savings
1 6 $162,000 6 $87,500 9 $108,250
2 10 $198,000 12 $149,500 9 $65,250
3 10 $265,500 7 $84,000 11 $137,500
4 16 $321,500 12 $171,000 8 $92,750
5 16 $341,500 12 $172,000 10 $136,250
6 12 $286,000 10 $137,250 7 $71,500
7 9 $173,500 11 $115,500 9 $69,750
8 13 $269,000 9 $129,250 10 $123,750
9 14 $293,000 10 $162,750 8 $86,250
10 14 $286,500 13 $198,750 11 $125,500
11 13 $293,500 10 $154,500 11 $106,250
12 13 $271,000 14 $177,000 15 $161,500
13 16 $313,500 14 $197,250 10 $126,500
14 11 $253,500 7 $117,000 11 $141,250
15 13 $322,500 8 $98,750 12 $165,500
16 16 $345,500 11 $136,000 12 $141,000
17 16 $351,000 13 $192,500 13 $150,750
18 14 $308,000 9 $116,750 12 $125,750
19 11 $255,000 7 $102,500 9 $103,750
20 14 $292,000 11 $185,500 7 $90,500
Average 12.9 $280,100 10.3 $144,263 10.2 $116,475
Road Sewer Water
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Table 5.18 
Percentage of high budget saved for each component broken out by optimization run. 
 
5.6.4 Summary of Synchronizations 
 The results from the three scenarios show a correlation between budget size and 
the number of synchronizations.  This was anticipated, for the test conducted under the 
high budget scenario was designed so that most of the segments would be prescribed 
substantial actions.  With more funds available, it becomes easier for the evolutionary 
solver to prescribe a greater number of substantial actions and align those actions across 
networks. In a theoretical application, such as this research, dollar values and percentages 
do not carry any real world significance.  In terms of mimicking real world scenarios, the 
low budget scenario was the most realistic.  Under that scenario, the model managed to 
create savings equal to 8.6 percent of the overall budget.  If even a 1.0 percent saving 
Run Road Sewer Water
1 8.1% 5.8% 7.2%
2 9.9% 10.0% 4.4%
3 13.3% 5.6% 9.2%
4 16.1% 11.4% 6.2%
5 17.1% 11.5% 9.1%
6 14.3% 9.2% 4.8%
7 8.7% 7.7% 4.7%
8 13.5% 8.6% 8.3%
9 14.7% 10.9% 5.8%
10 14.3% 13.3% 8.4%
11 14.7% 10.3% 7.1%
12 13.6% 11.8% 10.8%
13 15.7% 13.2% 8.4%
14 12.7% 7.8% 9.4%
15 16.1% 6.6% 11.0%
16 17.3% 9.1% 9.4%
17 17.6% 12.8% 10.1%
18 15.4% 7.8% 8.4%
19 12.8% 6.8% 6.9%
20 14.6% 12.4% 6.0%
Average 14.0% 9.6% 7.8%
Percent of Budget Saved
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could be achieved by implementing the holistic methodology nationwide, it would 
reduce the five year ROW deficit identified by the ASCE Report Card on 
America’s Infrastructure by $6.6 billion.   
5.7 Summary of Validation 
 The four validation criteria examined confirmed the performance of the holistic 
model over the individual models in terms of ability to minimize component score and 
prescribe substantial actions. Section 5.3 showed that the holistic model provides 
significantly lower component scores on average than the individual models. Section 5.4 
showed that the holistic model routinely provides superior solutions to the best solution 
from the individual models. Section 5.5 established that the holistic model was able to 
prescribe a larger number of substantial asset management actions than the individual 
models during the five year planning horizon. Section 5.6 established that the holistic 
model was regularly able to generate financial savings through the synchronizations of 
collocated projects. 
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Chapter 6 
SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 
 The following sections provide a summary of the problem, methodology, and 
results from the research discussed in previous chapters.  The conclusions that were 
drawn based on the results of the research will also be discussed, followed by the 
contributions and significance and limitations of the research. Lastly, recommendations 
for future research will be provided. 
6.2 Summary of Research 
 From the introduction and literature review, it was identified that the roadway, 
sewer, and water infrastructure systems within the United Stated are underperforming and 
facing a multibillion dollar deficit in planned maintenance, rehabilitation, and renewal 
spending.  A second problem identified was municipal departments failing to take 
advantage of cost savings that can be achieved by synchronizing collocated projects from 
different ROW components. This is the result of municipalities operating under the 
traditional paradigm, wherein those responsible for roads, sewer, and water operate in 
silos and fail to collaborate across utilities in the planning of asset management activities. 
 The research was conducted with the goal of establishing a holistic methodology 
for the planning of maintenance, rehabilitation, and renewal of right of way infrastructure 
components that would outperform similar individual component methodologies  
designed to replicate the traditional decision-making paradigm. The methodology was 
designed with the intent of being portable and being able to achieve cost savings by 
synchronizing projects from different ROW components.  In turn, those cost savings 
could be used for additional projects which would lead to a municipality’s overall right of 
way infrastructure being in a better state. Synchronization savings occur when overhead, 
permitting, demolition, road cutting, and road paving costs are only incurred once and 
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shared across components. In order to be portable, the methodology would need to be 
compatible with any condition rating and deterioration modeling schemes that might 
already be in use by a municipality. A holistic objective function was created to 
accomplish such goals and was solved using an evolutionary algorithm. In order to 
establish the benefits of the holistic model, the results were compared with the results 
from individual component models using the same prioritization methodology. 
 In reviewing the literature related to the maintenance, rehabilitation, and renewal 
of ROW assets, it was identified that there was a consensus amongst researchers that 
condition, criticality, and economics needed to be considered in any decision-making 
methodology.  Using this information, the holistic methodology’s objective function was 
designed to minimize the combined five year average component scores from each ROW 
component subject to an available budget while the individual objective functions did the 
same for a single ROW component.  The holistic objective function accounted for 
savings that could be achieved through the synchronization of collocated projects from 
different ROW networks.  The holistic and individual objective functions calculated the 
component score for each ROW component by summing segment scores from within 
each component network. The product of the criticality rating and the condition rating 
squared was used in formulating the segment scores. Both ratings utilized a standard 0-
100 scale, with 100 equaling the worst possible condition and the utmost criticality. The 
evolutionary algorithm was applied to each objective function for three different budget 
scenarios so that the results of the holistic methodology could be compared to the 
individual models. Each run of the evolutionary algorithm evaluated the costs and 
benefits of different asset management actions for each segment within a right of way 
network and prescribed a set of asset management actions designed to improve the 
condition of segments, which in turn reduced the overall component score. 
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6.3 Conclusions 
6.3.1 Holistic Methodology Produces Superior Solutions 
 In generating good solutions, the holistic methodology had to overcome a larger 
search space than the individual models.  This search space was also plagued by a greater 
likelihood of encountering infeasible solutions. Even so, the population of 20 holistic 
model solutions generated for each budget scenario was able to outperform the 
population of 20 individual model solutions in terms of average solution, best solution, 
and the ability to prescribe rehabilitation and renewal projects. The holistic model was 
also able to generate savings by synchronizing collocated rehabilitation and renewal 
projects for different components. 
 6.3.1.1 Better average solutions. 
For all nine comparisons (holistic vs. individual results for water, sewer, and road 
performed across three different budget scenarios) the holistic model returned a mean 
component score that was smaller (better) than the individual model.  Two sample t-tests 
were used to confirm that, in seven of the nine comparisons, the holistic model provided 
superior solutions that were considered significant and not due to random chance.  
In the two comparisons (sewer - medium budget and water - high budget) where 
the difference between the holistic results and the individual results were not deemed to 
be significant, the holistic model still managed to provide a lower mean component score, 
but the two sample t-test revealed that there was no significant difference between the 
holistic and individual answer populations.  Even though the holistic model performed 
the same as the individual model in terms of reducing the component score, an additional 
two sample t-test was conducted for the water - high budget scenario revealed that the 
holistic components scores were achieved while prescribing significantly less 
expenditures.   
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6.3.1.2 Superior solutions. 
In all three budget scenarios the holistic model was able to generate superior 
solutions when compared to the combined results of the individual models. For the low 
budget, medium budget, and high budget scenarios, the holistic model respectively 
generated seven solutions out of 20, 16 solutions out of 20, and 14 solutions out of 20 
that were superior to the best overall solution from the individual models. These results 
show that the holistic model is able to routinely achieve better component scores under 
the same budgetary constraints.  In a real world scenario, a municipality would generate a 
sample of solutions to choose from in order to allow the holistic model to reset and search 
new spaces.  The scenarios presented in this research mimicked that approach, and 
showed that, in doing so, better results could be expected from the holistic model. 
6.3.1.3 Substantial actions. 
 Two sample t-tests confirmed that rehabilitation and renewal projects were 
prescribed at a higher rate for all three ROW components under the low budget scenario.  
When operating under the medium budget, the holistic model prescribed significantly 
more rehabilitation and renewal actions than the corresponding individual models. For 
the water component, the holistic model prescribed more rehabilitation and renewal 
actions on average than the individual water model, but not at a great enough rate to be 
considered statistically significant.  For the high budget scenario that was examined, the 
holistic model significantly outperformed the individual model in terms of number of 
rehabilitation and renewal actions prescribed. Two sample t-tests revealed that there was 
no significant difference in the number of rehabilitation and renewal actions prescribed 
by the holistic and individual models for sewer and water at the high budget scenario.  
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6.3.1.4 Savings through synchronization. 
 The results from the three different budget scenarios showed that the holistic 
model was capable of generating savings through synchronizations. At the low budget 
scenario, savings equivalent to 8.6 percent of the overall budget were achieved.  For the 
medium and high budget scenarios, the savings generated through project 
synchronizations were equivalent to 10.37 percent and 10.82 percent.  Taking into 
account the number of possible solutions in the search space, there is a very small chance 
of projects randomly being synchronized.  Thus, the fact that the holistic model was able 
to consistently provide solutions in which collocated projects were synchronized to occur 
in the same year indicates that the methodology is achieving the goal of saving money 
through project synchronizations.   
6.4 Contributions and Significance of the Research 
 This research examined the utilization of metaheuristic techniques, specifically 
evolutionary algorithms, in the development of a holistic approach to the optimization of 
maintenance, renewal, and rehabilitation planning for right of way infrastructure assets.  
The following points discuss how this research improved on previous works conducted in 
the field of maintenance, rehabilitation, and renewal planning for right of way 
infrastructure assets.  
 Most of the previous research in this area is focused on a single right of way 
component. The methodology developed in this research considered all three 
ROW components concurrently in order to take advantage of cost savings 
associated with the synchronization and bundling of collocated projects. 
 Much of the previous research into single component maintenance, rehabilitation, 
and renewal planning is location specific or requires intense data collection and 
significant resource consumption.  The methodology developed in this research is 
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portable and can be utilized with varying levels of resource consumption ranging 
from no data collection through condition investigations to intensive and frequent 
condition investigations. 
 The holistic methodology developed for this research performed better in terms 
of the objective function (minimizing component score) and ability to prescribe 
substantial actions when compared to individual models designed to replicate the 
traditional paradigm in which there is little collaboration between utilities during 
planning phases. 
 Under the low budget scenario, the holistic methodology developed in this 
research managed to create savings equal to 8.6 percent of the overall budget for 
the five year planning horizon.  If even a 1.0 percent saving could be achieved by 
implementing the holistic methodology nationwide, it would reduce the five year 
ROW deficit identified by the ASCE Report Card on Infrastructure by $6.6 
billion.   
 This research shows that in a situation such as right of way infrastructure asset 
management where there are incentives to considering more variables in the 
decision-making process, metaheuristic methods can overcome the larger search 
space and make the inclusion of extra decision variables worthwhile. 
 A methodology was developed that has the potential to cause a paradigm shift in 
policy making. By bringing together infrastructure components that have 
competing interests, policy can be driven by what is best for the overall ROW 
network instead of what is best for individual utilities. 
6.5 Limitations of Research 
This research was limited to a small portion of an existing right of way 
infrastructure network.  Accordingly, it is necessary to expand the network in order to test 
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the effectiveness of the methodology across an entire municipal right of way network. 
The values used for costs, percent savings, the effect an action has on the condition 
rating, and the criticality ratings were based on information relevant to practices, 
conditions, and prices within the state of Arizona and identified through literature review.  
Additionally, this research fully acknowledges that it is not common practice to plan 
roadway maintenance, rehabilitation, and renewal for 500 foot segments.  
6.6 Recommendations for Future Research 
 This section presents areas where future research can be directed to further 
develop and test the holistic methodology for right of way infrastructure maintenance, 
rehabilitation, and renewal. These areas of further investigation include testing on 
expanded networks, the sensitivity of the holistic objective to savings percentages and the 
impact on outcome, field implementation and municipality cooperation, synching with 
geographic information systems (GIS), and establishing a user friendly interface. 
 First and foremost, in order for the holistic methodology presented within this 
research to be used by municipalities, it must be tested on larger networks.  This will 
require increased computing power and more efficient searches in order to compensate 
for the increase in decision variables.  The exponential nature of the objective functions 
presented in this research dictates that, as the network is expanded, the search space for 
the holistic methodology will increase at a greater rate than the search space of the 
individual models. By showing that the holistic methodology can overcome an even 
greater deficit in search space coverage, the methodology will then be ready for testing 
within municipalities. 
A second important area for future research is in the sensitivity of the holistic 
model to different savings levels that are achieved through project synchronization.  The 
savings percentages that are achieved will vary by location and project scope.  The 
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percentages used in this research were based off of previous research efforts and served 
as a baseline in a theoretical model designed to test the feasibility of utilizing 
metaheuristic methods in holistic right of way infrastructure maintenance, rehabilitation, 
and renewal planning.  Determining the minimum percentages of savings that would need 
to be associated with each type of synchronization in order for the holistic methodology 
to maintain superior performance would allow municipalities to know if utilizing the 
holistic methodology would be a worthwhile endeavor prior to actually running the 
models.  Unfortunately, because evolutionary algorithms rely in part on random 
sampling, the holistic methodology is nondeterministic. Thus, under current technology 
constraints it would be incredibly difficult, if not impossible, to identify the percentages 
of savings that would need to be achieved through project synchronizations in order to 
make using the holistic methodology a worthwhile endeavor.   Additionally, the 
percentage of savings needed to make the holistic methodology provide superior 
solutions will be different for each network and will change with each action taken in a 
given year.  
The final areas of recommended future research involve implementation within 
municipalities and integration with GIS. Testing within municipalities will allow for the 
research to move from the theoretical realm to the empirical realm. Actual results, 
benefits, and complications will be observable and recordable.  From there the 
methodology can be adjusted to account for new discoveries.  Integrating with GIS 
systems will allow for the direct importing of ROW network and the information related 
to the segments within each network. Being able to import GIS information will greatly 
reduce the amount of work that will need to be performed in relation to setting up the 
holistic model. 
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A user friendly interface that will allow for easy inputting of data will also be 
necessary. This will allow for faster set up times of the holistic model.  User friendly 
interfaces will also reduce the chance for mistake in data entry and confusion surrounding 
the formulation of equations.  A user friendly interface will make it so the model can be 
operated by those who are unfamiliar with evolutionary algorithms and computer coding. 
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INTEGER OUTPUTS FROM TOP PERFORMING SOLUTIONS 
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Individual Roads – Low Budget: 
 
 
 
Road Segment Year 1 Year 2 Year 3 Year 4 Year 5 
r1 0 0 0 0 0
r2 0 0 0 2 0
r3 1 0 0 0 0
r4 0 0 0 1 0
r5 0 0 0 0 0
r6 0 0 0 0 0
r7 0 0 0 0 1
r8 0 0 0 0 1
r9 0 0 0 0 0
r10 0 0 0 0 0
r11 0 0 0 0 1
r12 0 0 0 0 1
r13 0 0 0 0 0
r14 0 0 0 0 0
r15 0 0 0 0 0
r16 0 0 0 0 1
r17 1 0 0 0 0
r18 1 0 0 0 0
r19 0 0 3 0 0
r20 0 0 0 0 1
r21 0 0 0 0 0
r22 0 0 0 1 0
r23 0 0 0 0 0
r24 0 0 0 0 1
r25 0 0 0 0 0
r26 0 0 0 0 0
r27 0 0 0 0 0
r28 0 0 0 0 0
r29 0 0 0 0 0
r30 0 0 0 0 0
r31 0 0 0 0 0
r33 0 0 0 0 1
r34 0 0 0 0 1
r35 0 0 0 0 0
r36 0 0 0 0 0
r37 0 0 0 0 0
r38 1 0 0 0 0
r39 1 0 0 0 0
r40 0 0 0 0 1
Action Taken (Decision Variables, X)
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Sewer –Low Budget: 
 
 
  
Sewer Segment Year 1 Year 2 Year 3 Year 4 Year 5
s1 0 0 0 0 0
s2 0 1 0 0 0
s3 0 0 0 1 0
s4 0 0 0 0 2
s5 0 0 0 0 0
s6 0 0 0 0 0
s7 0 0 0 0 0
s8 0 0 0 0 0
s9 0 0 0 0 1
s10 0 0 0 0 0
s11 0 0 0 0 0
s12 0 0 0 0 1
s13 0 0 0 0 0
s14 0 0 0 0 0
s15 0 0 0 0 0
s16 0 0 0 0 0
s17 0 0 0 2 0
s18 0 1 0 0 0
s19 2 0 0 0 0
s20 0 0 0 0 0
s21 0 1 0 0 0
s22 0 0 0 0 1
s23 0 0 0 0 0
s24 0 1 0 0 0
s25 0 0 0 0 1
s26 0 0 0 0 0
s27 0 0 0 0 0
s28 0 0 0 0 0
s29 0 0 0 0 0
s30 0 0 0 0 0
s31 0 0 0 0 0
s33 0 0 0 0 0
s34 0 0 0 0 1
s35 0 0 0 0 0
s36 0 0 0 0 0
s37 0 0 0 0 0
s38 0 0 2 0 0
s39 0 1 0 0 0
s40 0 0 0 0 0
Action Taken (Decision Variables, X)
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Water – Low Budget: 
 
  
Water Segment Year 1 Year 2 Year 3 Year 4 Year 5
w1 0 0 0 0 0
w2 0 0 1 0 0
w3 0 1 0 0 0
w4 0 0 0 0 0
w5 0 0 0 0 0
w6 0 0 0 0 0
w7 0 0 0 0 0
w8 0 0 0 1 0
w9 0 0 0 0 0
w10 0 0 0 0 0
w11 0 0 0 0 0
w12 0 0 0 0 1
w13 0 0 0 0 1
w14 0 0 0 0 0
w15 0 0 0 0 0
w16 0 0 0 0 0
w17 0 0 0 0 0
w18 2 0 0 0 0
w19 0 0 2 0 0
w20 0 0 0 0 0
w21 0 0 0 0 0
w22 0 2 0 0 0
w23 0 0 0 0 0
w24 0 1 0 0 0
w25 0 0 0 0 0
w26 0 0 0 0 0
w27 0 0 0 0 0
w28 0 0 0 1 0
w29 0 0 0 0 0
w30 0 0 0 0 0
w31 0 0 0 0 0
w33 0 0 0 0 0
w34 0 0 0 0 0
w35 0 0 0 0 0
w36 0 0 0 0 0
w37 0 0 0 0 0
w38 0 0 0 0 2
w39 0 0 0 2 0
w40 0 1 0 0 0
Action Taken (Decision Variables, X)
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Holistic Roads – Low Budget: 
 
  
Road Segment Year 1 Year 2 Year 3 Year 4 Year 5
r1 0 0 0 0 0
r2 0 0 0 0 2
r3 1 0 0 0 0
r4 0 0 0 0 0
r5 0 0 0 0 0
r6 0 0 0 0 0
r7 0 0 0 0 0
r8 0 0 0 0 0
r9 0 0 0 0 0
r10 0 0 0 0 0
r11 0 0 0 0 0
r12 0 0 0 0 0
r13 0 0 0 0 0
r14 0 0 0 0 0
r15 0 0 0 0 0
r16 0 0 0 0 0
r17 1 0 0 0 0
r18 0 3 0 0 0
r19 0 0 1 0 0
r20 0 0 0 0 1
r21 0 0 0 0 0
r22 0 0 0 0 0
r23 0 0 0 0 0
r24 0 0 0 0 0
r25 0 0 0 0 0
r26 0 0 0 0 0
r27 0 0 0 0 0
r28 0 0 0 0 0
r29 0 0 0 0 0
r30 0 0 0 0 0
r31 0 0 0 0 0
r33 0 0 0 0 0
r34 0 0 0 0 0
r35 0 0 0 0 0
r36 0 0 0 0 0
r37 0 0 0 0 0
r38 0 0 0 3 0
r39 0 0 1 0 0
r40 0 0 1 0 0
Action Taken (Decision Variables, X)
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Holistic Sewer – Low Budget: 
 
  
Sewer Segment Year 1 Year 2 Year 3 Year 4 Year 5
s1 0 0 0 0 0
s2 1 0 0 0 0
s3 0 0 0 0 1
s4 0 0 0 0 2
s5 0 0 0 0 0
s6 0 0 0 0 1
s7 0 0 0 0 0
s8 0 0 0 0 0
s9 0 0 0 0 0
s10 0 0 0 0 0
s11 0 0 0 0 0
s12 0 0 0 0 1
s13 0 0 0 0 0
s14 0 0 0 0 0
s15 0 0 0 0 0
s16 0 0 0 0 0
s17 0 0 0 2 0
s18 1 0 0 0 0
s19 0 0 2 0 0
s20 0 0 0 0 0
s21 1 0 0 0 0
s22 0 0 0 0 1
s23 0 0 0 0 0
s24 1 0 0 0 0
s25 0 0 1 0 0
s26 0 0 0 0 0
s27 0 0 0 0 0
s28 0 0 0 0 0
s29 0 0 0 0 0
s30 0 0 0 0 0
s31 0 0 0 0 0
s33 0 0 0 0 1
s34 0 0 0 0 0
s35 0 0 0 0 0
s36 0 0 0 0 0
s37 0 0 0 0 0
s38 0 2 0 0 0
s39 1 0 0 0 0
s40 0 0 0 0 0
Action Taken (Decision Variables, X)
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Holistic Water – Low Budget: 
 
  
Water Segment Year 1 Year 2 Year 3 Year 4 Year 5
w1 0 0 0 0 0
w2 1 0 0 0 0
w3 1 0 0 0 0
w4 0 0 0 0 0
w5 0 0 0 0 0
w6 0 0 0 0 0
w7 0 0 0 0 0
w8 0 0 0 1 0
w9 0 0 0 1 0
w10 0 0 0 0 0
w11 0 0 0 0 2
w12 0 0 0 1 0
w13 0 0 0 0 0
w14 0 0 0 0 0
w15 0 0 0 0 0
w16 0 0 0 0 0
w17 0 0 0 0 0
w18 0 3 0 0 0
w19 1 0 0 0 0
w20 0 0 0 0 0
w21 0 0 0 0 0
w22 0 0 3 0 0
w23 0 0 0 0 0
w24 0 0 0 0 2
w25 0 0 0 0 0
w26 0 0 0 1 0
w27 0 0 0 0 0
w28 0 0 0 0 0
w29 0 0 0 0 0
w30 0 0 0 0 0
w31 0 0 0 0 0
w33 0 0 0 0 0
w34 0 0 0 0 0
w35 0 0 0 0 0
w36 0 0 0 1 0
w37 0 0 0 0 0
w38 0 0 0 2 0
w39 1 0 0 0 0
w40 1 0 0 0 0
Action Taken (Decision Variables, X)
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Individual Roads – Medium Budget: 
 
  
Road Segment Year 1 Year 2 Year 3 Year 4 Year 5
r1 0 0 0 0 0
r2 1 0 0 0 0
r3 1 0 0 0 0
r4 1 0 0 0 0
r5 0 0 0 0 0
r6 0 0 0 0 0
r7 1 0 0 0 0
r8 0 0 0 0 1
r9 0 0 0 0 0
r10 0 0 0 0 0
r11 0 0 0 0 0
r12 0 0 0 0 0
r13 0 0 0 0 0
r14 0 0 0 0 0
r15 0 0 0 0 0
r16 0 0 0 0 1
r17 1 0 0 0 0
r18 0 0 3 0 0
r19 0 3 0 0 0
r20 0 0 0 0 2
r21 0 0 0 0 0
r22 0 0 0 1 0
r23 0 0 0 0 0
r24 0 0 0 1 0
r25 0 0 0 0 0
r26 0 0 0 0 0
r27 0 0 0 1 0
r28 0 0 0 0 1
r29 0 0 0 0 0
r30 0 0 0 0 0
r31 0 0 0 0 0
r33 0 0 0 0 1
r34 0 0 0 0 0
r35 0 0 0 0 0
r36 0 0 0 0 0
r37 0 0 0 0 0
r38 2 0 0 0 0
r39 0 0 0 3 0
r40 0 0 0 0 1
Action Taken (Decision Variables, X)
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Individual Sewer – Medium Budget: 
 
  
Sewer Segment Year 1 Year 2 Year 3 Year 4 Year 5
s1 0 0 0 0 0
s2 0 0 0 0 3
s3 0 0 1 0 0
s4 0 0 2 0 0
s5 0 0 0 0 0
s6 0 0 0 0 1
s7 0 0 0 0 0
s8 0 0 0 0 0
s9 0 0 1 0 0
s10 0 0 0 0 0
s11 0 0 0 0 0
s12 0 0 0 0 1
s13 0 0 0 0 0
s14 0 0 0 0 0
s15 0 0 0 0 0
s16 0 0 0 0 1
s17 0 3 0 0 0
s18 0 0 0 2 0
s19 0 2 0 0 0
s20 0 0 0 0 0
s21 0 0 0 3 0
s22 1 0 0 0 0
s23 0 0 0 0 0
s24 1 0 0 0 0
s25 0 0 0 1 0
s26 0 0 0 0 1
s27 0 0 0 0 0
s28 0 0 0 0 0
s29 0 0 0 0 0
s30 0 0 0 0 0
s31 0 0 0 0 0
s33 0 0 0 0 1
s34 0 0 0 0 2
s35 0 0 0 0 1
s36 0 0 0 0 1
s37 0 0 0 0 0
s38 2 0 0 0 0
s39 0 0 2 0 0
s40 0 0 0 0 0
Action Taken (Decision Variables, X)
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Individual Water – Medium Budget: 
 
  
Water Segment Year 1 Year 2 Year 3 Year 4 Year 5
w1 0 0 0 0 0
w2 1 0 0 0 0
w3 0 0 2 0 0
w4 0 0 0 0 0
w5 0 0 0 0 2
w6 0 0 0 0 0
w7 0 0 0 0 2
w8 0 0 0 0 3
w9 1 0 0 0 0
w10 0 0 0 0 0
w11 0 0 0 0 2
w12 1 0 0 0 0
w13 1 0 0 0 0
w14 0 0 0 1 0
w15 0 0 0 0 0
w16 0 0 0 1 0
w17 0 0 0 0 0
w18 3 0 0 0 0
w19 0 2 0 0 0
w20 0 0 0 0 0
w21 0 0 0 0 0
w22 0 0 0 3 0
w23 0 0 0 0 0
w24 0 0 0 2 0
w25 0 0 0 0 0
w26 0 0 0 1 0
w27 1 0 0 0 0
w28 0 0 0 0 2
w29 0 0 0 0 0
w30 0 0 0 0 0
w31 0 0 0 0 0
w33 0 0 0 1 0
w34 0 0 0 0 0
w35 0 0 0 0 0
w36 0 0 0 1 0
w37 0 0 0 0 0
w38 0 2 0 0 0
w39 0 0 2 0 0
w40 0 0 2 0 0
Action Taken (Decision Variables, X)
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Holistic Roads – Medium Budget: 
 
  
Road Segment Year 1 Year 2 Year 3 Year 4 Year 5
r1 0 0 0 0 0
r2 1 0 0 0 0
r3 1 0 0 0 0
r4 0 0 0 1 0
r5 0 0 0 0 0
r6 0 0 0 0 0
r7 0 0 0 0 0
r8 0 0 0 0 0
r9 0 0 0 0 0
r10 0 0 0 0 0
r11 0 0 0 0 0
r12 0 0 0 0 1
r13 0 0 0 0 0
r14 0 0 0 0 0
r15 0 0 0 0 0
r16 0 0 0 0 0
r17 0 0 2 0 0
r18 0 3 0 0 0
r19 3 0 0 0 0
r20 0 0 0 0 2
r21 0 0 0 0 0
r22 1 0 0 0 0
r23 0 0 0 0 0
r24 0 0 0 1 0
r25 0 0 0 0 0
r26 0 0 0 0 0
r27 0 0 0 0 2
r28 0 0 0 0 0
r29 0 0 0 0 0
r30 0 0 0 0 0
r31 0 0 0 0 0
r33 0 0 0 0 0
r34 0 0 0 0 1
r35 0 0 0 0 0
r36 0 0 0 0 0
r37 0 0 0 0 0
r38 0 0 0 3 0
r39 0 0 2 0 0
r40 0 1 0 0 0
Action Taken (Decision Variables, X)
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Holistic Sewer – Medium Budget: 
 
  
Sewer Segment Year 1 Year 2 Year 3 Year 4 Year 5
s1 0 0 0 0 0
s2 0 0 0 0 3
s3 0 1 0 0 0
s4 0 2 0 0 0
s5 0 0 0 0 1
s6 0 0 0 0 1
s7 0 0 0 0 0
s8 0 0 0 0 0
s9 0 0 0 0 3
s10 0 0 0 0 0
s11 0 0 0 0 0
s12 0 0 0 0 1
s13 0 0 0 0 0
s14 0 0 0 0 0
s15 0 0 0 0 0
s16 0 0 0 0 1
s17 0 0 3 0 0
s18 0 2 0 0 0
s19 2 0 0 0 0
s20 0 0 0 0 0
s21 0 0 0 2 0
s22 0 0 0 2 0
s23 0 0 0 0 0
s24 0 0 0 3 0
s25 0 0 0 0 1
s26 0 1 0 0 0
s27 0 0 0 0 0
s28 0 0 0 0 0
s29 0 0 0 0 0
s30 0 0 0 0 0
s31 0 0 0 0 0
s33 0 0 0 0 0
s34 0 1 0 0 0
s35 0 0 0 0 1
s36 0 0 0 0 0
s37 0 0 0 0 0
s38 2 0 0 0 0
s39 0 0 2 0 0
s40 0 0 0 0 0
Action Taken (Decision Variables, X)
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Holistic Water – Medium Budget: 
 
  
Water Segment Year 1 Year 2 Year 3 Year 4 Year 5
w1 0 0 0 0 0
w2 0 0 0 3 0
w3 0 0 3 0 0
w4 0 0 0 0 0
w5 0 0 0 0 1
w6 0 0 0 0 0
w7 0 0 0 0 0
w8 0 0 0 0 2
w9 0 0 0 0 2
w10 0 0 0 0 0
w11 0 0 0 0 1
w12 0 0 0 0 1
w13 0 0 0 1 0
w14 0 0 0 0 1
w15 0 0 0 0 0
w16 0 0 0 0 1
w17 0 0 0 0 0
w18 0 3 0 0 0
w19 2 0 0 0 0
w20 0 0 0 0 0
w21 0 0 0 0 0
w22 3 0 0 0 0
w23 0 0 0 0 0
w24 0 0 0 3 0
w25 0 0 0 0 0
w26 1 0 0 0 0
w27 0 0 0 0 2
w28 0 0 0 0 2
w29 0 0 0 0 0
w30 0 0 0 0 0
w31 0 0 0 0 0
w33 0 0 0 0 0
w34 0 0 0 0 0
w35 0 0 0 0 0
w36 0 0 0 0 1
w37 0 0 0 0 0
w38 0 2 0 0 0
w39 0 0 3 0 0
w40 0 0 0 0 1
Action Taken (Decision Variables, X)
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Individual Road – High Budget: 
 
  
Road Segment Year 1 Year 2 Year 3 Year 4 Year 5
r1 0 0 0 0 0
r2 0 0 3 0 0
r3 0 0 3 0 0
r4 0 0 0 3 0
r5 0 0 0 0 2
r6 0 0 0 0 0
r7 1 0 0 0 0
r8 0 1 0 0 0
r9 0 0 0 0 1
r10 0 0 0 0 0
r11 0 0 0 0 3
r12 1 0 0 0 0
r13 0 1 0 0 0
r14 1 0 0 0 0
r15 0 0 0 0 1
r16 0 0 0 0 2
r17 2 0 0 0 0
r18 0 3 0 0 0
r19 3 0 0 0 0
r20 0 0 0 0 2
r21 0 0 0 0 0
r22 0 0 0 2 0
r23 0 0 0 0 0
r24 0 0 0 2 0
r25 0 0 0 0 0
r26 0 0 0 0 0
r27 1 0 0 0 0
r28 0 1 0 0 0
r29 0 0 0 0 0
r30 0 0 0 0 0
r31 0 0 0 0 1
r33 1 0 0 0 0
r34 0 0 1 0 0
r35 0 0 0 0 0
r36 0 0 0 0 3
r37 0 0 0 0 0
r38 0 3 0 0 0
r39 0 0 3 0 0
r40 0 0 0 3 0
Action Taken (Decision Variables, X)
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Individual Sewer – High Budget: 
 
  
Sewer Segment Year 1 Year 2 Year 3 Year 4 Year 5
s1 0 0 0 0 0
s2 0 0 3 0 0
s3 0 0 2 0 0
s4 0 3 0 0 0
s5 0 0 0 0 3
s6 0 0 0 3 0
s7 0 0 0 0 0
s8 0 0 0 0 0
s9 0 0 0 3 0
s10 0 0 0 0 0
s11 0 0 0 0 0
s12 0 0 0 3 0
s13 0 0 0 0 0
s14 0 0 0 0 0
s15 0 0 0 0 0
s16 0 0 0 0 3
s17 3 0 0 0 0
s18 2 0 0 0 0
s19 0 3 0 0 0
s20 0 0 0 0 0
s21 0 0 3 0 0
s22 0 0 2 0 0
s23 0 0 0 0 0
s24 0 0 3 0 0
s25 0 0 0 3 0
s26 0 0 0 0 3
s27 0 0 0 0 0
s28 0 0 0 0 3
s29 0 0 0 0 0
s30 0 0 0 0 0
s31 0 0 0 0 0
s33 1 0 0 0 0
s34 0 0 0 3 0
s35 0 0 0 2 0
s36 1 0 0 0 0
s37 0 0 0 0 0
s38 2 0 0 0 0
s39 0 2 0 0 0
s40 0 0 0 0 0
Action Taken (Decision Variables, X)
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Individual Water – High Budget: 
 
  
Water Segment Year 1 Year 2 Year 3 Year 4 Year 5
w1 0 0 0 0 0 5
w2 0 0 3 0 0 4
w3 0 3 0 0 0 4
w4 0 0 0 0 0 5
w5 0 0 0 3 0 4
w6 0 0 0 0 0 5
w7 0 0 0 2 0 4
w8 0 0 3 0 0 4
w9 0 0 0 3 0 4
w10 0 0 0 0 0 5
w11 0 0 0 2 0 4
w12 0 0 3 0 0 4
w13 0 0 2 0 0 4
w14 0 0 0 2 0 4
w15 0 0 0 0 0 5
w16 0 0 0 2 0 4
w17 0 0 0 0 0 5
w18 3 0 0 0 0 4
w19 3 0 0 0 0 4
w20 0 0 0 0 0 5
w21 0 0 0 0 0 5
w22 3 0 0 0 0 4
w23 0 0 0 0 0 5
w24 0 2 0 0 0 4
w25 0 0 0 0 0 5
w26 0 0 0 2 0 4
w27 0 0 0 2 0 4
w28 0 0 3 0 0 4
w29 0 0 0 0 0 5
w30 0 0 0 0 0 5
w31 0 0 0 0 0 5
w33 0 0 0 2 0 4
w34 0 0 0 0 0 5
w35 0 0 0 0 0 5
w36 0 0 0 2 0 4
w37 0 0 0 0 0 5
w38 0 2 0 0 0 4
w39 0 3 0 0 0 4
w40 0 0 3 0 0 4
Action Taken (Decision Variables, X)
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Holistic Roads – High Budget: 
 
  
Road Segment Year 1 Year 2 Year 3 Year 4 Year 5
r1 0 0 0 0 0
r2 0 3 0 0 0
r3 0 0 3 0 0
r4 0 0 3 0 0
r5 0 0 0 2 0
r6 0 0 0 0 0
r7 0 0 0 2 0
r8 0 0 0 1 0
r9 0 0 0 0 3
r10 0 0 0 0 0
r11 0 0 0 3 0
r12 0 0 0 2 0
r13 0 1 0 0 0
r14 0 0 0 3 0
r15 0 0 0 0 2
r16 0 0 0 0 2
r17 0 2 0 0 0
r18 3 0 0 0 0
r19 3 0 0 0 0
r20 0 0 0 0 2
r21 0 0 0 0 0
r22 2 0 0 0 0
r23 0 0 0 0 0
r24 0 0 0 3 0
r25 0 0 0 0 0
r26 0 0 0 0 0
r27 1 0 0 0 0
r28 0 0 0 0 2
r29 0 0 0 0 0
r30 0 0 0 0 0
r31 0 0 0 0 2
r33 1 0 0 0 0
r34 0 0 0 2 0
r35 0 0 0 0 0
r36 0 0 0 2 0
r37 0 0 0 0 0
r38 0 0 3 0 0
r39 0 3 0 0 0
r40 0 0 2 0 0
Action Taken (Decision Variables, X)
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Holistic Sewer – High Budget: 
 
  
Sewer Segment Year 1 Year 2 Year 3 Year 4 Year 5
s1 0 0 0 0 0
s2 0 3 0 0 0
s3 0 0 2 0 0
s4 0 3 0 0 0
s5 0 0 0 2 0
s6 0 0 0 3 0
s7 0 0 0 0 0
s8 0 0 0 0 0
s9 0 0 0 3 0
s10 0 0 0 0 0
s11 0 0 0 0 0
s12 0 0 0 3 0
s13 0 0 0 0 0
s14 0 0 0 0 0
s15 0 0 0 0 0
s16 0 0 0 0 3
s17 0 3 0 0 0
s18 3 0 0 0 0
s19 3 0 0 0 0
s20 0 0 0 0 0
s21 0 3 0 0 0
s22 0 0 2 0 0
s23 0 0 0 0 0
s24 0 0 3 0 0
s25 0 0 0 3 0
s26 0 0 2 0 0
s27 0 0 0 0 0
s28 0 0 0 0 3
s29 0 0 0 0 0
s30 0 0 0 0 0
s31 0 0 0 0 0
s33 0 0 0 0 3
s34 0 0 0 3 0
s35 0 0 0 0 3
s36 0 0 0 2 0
s37 0 0 0 0 0
s38 0 0 3 0 0
s39 2 0 0 0 0
s40 0 0 0 0 0
Action Taken (Decision Variables, X)
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Holistic Water – High Budget: 
 
 
Water Segment Year 1 Year 2 Year 3 Year 4 Year 5
w1 0 0 0 0 0
w2 2 0 0 0 0
w3 0 0 3 0 0
w4 0 0 0 0 0
w5 0 0 3 0 0
w6 0 0 0 0 0
w7 0 0 0 3 0
w8 0 0 0 3 0
w9 0 0 0 3 0
w10 0 0 0 0 0
w11 0 0 2 0 0
w12 0 0 3 0 0
w13 0 0 3 0 0
w14 0 0 0 2 0
w15 0 0 0 0 0
w16 0 0 0 2 0
w17 0 0 0 0 0
w18 3 0 0 0 0
w19 3 0 0 0 0
w20 0 0 0 0 0
w21 0 0 0 0 0
w22 3 0 0 0 0
w23 0 0 0 0 0
w24 0 0 3 0 0
w25 0 0 0 0 0
w26 0 3 0 0 0
w27 0 0 0 2 0
w28 0 0 0 3 0
w29 0 0 0 0 0
w30 0 0 0 0 0
w31 0 0 0 0 0
w33 0 0 2 0 0
w34 0 0 0 0 0
w35 0 0 0 0 0
w36 0 0 0 3 0
w37 0 0 0 0 0
w38 0 3 0 0 0
w39 0 3 0 0 0
w40 0 3 0 0 0
Action Taken (Decision Variables, X)
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APPENDIX B 
TWO SAMPLE T-TEST CALCULATIONS  
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APPENDIX C 
MINITAB PERMISSIONS 
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